Multimodality monitoring in paediatric severe traumatic brain injury : the contributions of brain oxygen, transcranial doppler and autoregulation monitoring to conventional methods on monitoring by Figaji, Anthony A
Un
ive
rsi
ty 
of 
Ca
pe
 To
wn
Multimodality Monitoring in Paediatric Severe Traumatic 
Brain Injury: The Contributions of Brain Oxygen, 
Transcranial Doppler and Autoregulation Monitoring to 
Conventional Methods of Monitoring 
by 
Anthony A. Figaji 
MBChB, MMed, FCS (Neurosurgery) 
A Thesis Presented for the Degree of 
DOCTOR OF PHILOSOPHY 
In the Division of Neurosurgery 
University of Cape Town 
August 2008 
Un
ive
rsi
ty 
of 
Ca
pe
 To
wn
Traumatic brain is a 
The foundation of care of the 
the This relies on 
to detect 
clinical condition in the most 
with severe TBI is the 
tools to at 
organ of the 
insults to 
but often these may 
thor"",,,,,,,,, that are used in the 
critical care environment all have nnl'ont,,,1 many of which may not be evident. TBI 
thresholds with age, and the much smaller treatment in children is further 
evidence base to their adult 
it is clear that our current tools for n,,,,,,,",,,., the brain are the benefit of 
additional bedside for and of children with severe TBI is 
uncertain. the aim of this 
tension 
cerebrovascular 
and the detection of 
A observational 
was to evaluate the 
insults and its on 
of brain tissue oxygen 
and the assessment of 
severe TBI in 
was undertaken of children with severe TBI who underwent 
over a 2 year at the Red Cross War Memorial Children'S The main cohort 
pressure of these underwent Pbt02 in addition to conventional 
and cerebral pressure In addition to selected also 
underwent TCD studies and of cerebrovascular to aid 
and outcome data were examined for associations with more than 5000 hours of 
data 
treatment 
of continuous variables. Detailed statistics were np,rfn"rn<,rl to answer 
related to the associations of these monitored variables with other clinical 
and outcome. 
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The main were: 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
of low Pbt02 were very common after severe and often occurred 
ae~;DI1[e adherence to 
Clinical and other 
ischaemic eOISOCle 
treatment 
factors have a variable 
poor 
with brain 
and the Innm<=lnT of Low Pbt02 
infarction in children. 
Acute admission usedfororc)On,ostic,ltio do not nec;es~;a nr~'I"1i/~T the risk 
of ""p('nnl"1~lrv 
Pbt02 
In this 
Pbt02 were 
may be used to assess the of on intracranial 
the effects of ICP blood transfusion and normobaric on 
novel results. 
TCD-monitored flow velocities have associations with ICP and but show a wide 
which """'.<..,,'''' the differences between individual 
Bedside determination of with TCD is feasible in children with TBI. 
is common and the status of 
in ICP and Pbt02 in response to a 
is associated with 
in blood pressure. 
In summary. this is the work on Pbt02 in children with severe and the first 
to examine Pbt02 in combination with other 
and the status of The work 
of the of childhood 
with 
of the 
"'U~4\.1C"'l that modalities of ....,nn,t(\r' 
an individual that may tailor 
severe TBI. 
most TCD flow velocities 
that 1) contribute to our 
of 
to outcome 
III 
Un
ive
rsi
ty 
of 
Ca
pe
 To
wn
This dissertation is the result of many hours in the the assistance of staff who treat these 
.. 
.. 
.. 
.. 
.. 
.. 
.. 
.. 
.. 
.. 
.. 
• 
and the of those around me, In I would like to thank: 
Professor Jonathan C who "U\~l.It;;:,,<,u I consider a career in neurosurgery, then gave me my 
first in neurosurgery, mentored me in my and acted as a to this work 
Professor Peter D. LeRoux of the of in who acted as a co-
no',\1,<:"r and comments that me as a writer and researcher 
Professor Graham who mentored me as a ..,"'t'U'CH' neurosurgeon, gave me the space to 
and """rla,1i these wherever 
Dr Zwane of the Infectious Disease and for all the detailed statistical 
Thanks also to Dr Geoff Fatti and Hanslo for their "';;,_"",,"', also with statistics 
Professor Andrew who has contributed his on much of the work 
allowed me the space to our infrastructure for these children better 
The National Research Foundation and SIDA for their financial assistance in ae\/elCm at 
RCCH and my in TCD at Lund Peter has been a element in our 
collaboration with Lund 
All the who have worked at whom I have had the honour of with and 
Drs and 
All the staff in the intensive care ward 01 and ward G25 for their commitment to 
the best care to all of these and their families 
The "",tio"l", and their families rl'l"'I'lnl'I'lrl within these pages, to whom the whole purpose of to 
the standard of care we deliver is directed 
John and Antoinette Coaton for their in the busiest of times 
wife Barbara and 
for such a 
around whom my world revolves and who have been so 
time, Barbara has contributed to this work in innumerable ways, 
the final 
my thanks to 
and who I -----"J 
world 
whose grace has me a wonderful 
and the to be what we think 
that are dedicated 
the most incredible in the 
Un
ive
rsi
ty 
of 
Ca
pe
 To
wn
The brain is it is that the task of for a 
who has an acute brain 
clinician 
a should be an enormous 
for the task at hand. The tools we have at our 
that leaves the 
'''''',,''~I seem blunt at best 
and often we are left with a sense that we are around in the dark while 
of many of the that with severe 
brain. The final model we are faced with results from an 
to manage a 
nrr\tc,r-t the 
the of which is to the individual. I am of the as are many that 
to best a rational <>n'''Irn·:>,..n 
enable us for the task of 
is to take as much information available from the 
an individual. 
This is my to this thesis. 
with access to other forms of T",,"nnnlr,nu 
not as 
we have 
as many other units in the world may be 
to use what we have available to best 
understand how we can manage better. Because of the of brain any work 
runs a that seeks to look at as[)eCIS of the and the way that these 
risk of lack of cohesion. As best as 
the disturbance of brain that can 
and demonstrate the relevance of each to holr"n1, us achieve our 
world. 
Structure of the Thesis 
The thesis is divided into two main sections. Section A: 
to the It summarises in "'rllrI""m 
based on the 
The focus in this latter is on 
serves a to the section. 
on to 
in a 
even in the context of the 
is structured to a 
and clinical a<>~)<;;""L<> of 
of disturbances 
and Pbt02 that 
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Section B: Patient Studies examines rC>I<",YQn to these 
children with severe TBI admitted to the Red Cross War Memorial Children's Hn'"n,',<> 
in 
Town. 
this 
CPP and Pbt02 
The research took the form of a observational of n-:ot"Qnt" 
The main cohort of "<1tic.ntc is 52 children who underwent 
between June 2006 and 2008. A within this cohort also underwent TCD studies and 
All interventions this were of our clinical nrntnf'nl for 
with TBI and were of the purposes of the The section is divided 
into a number of each of which rQV1,rg"'l'>nT<! a discrete observational Because of 
results for different sections were time some of the numbers of children 
included varied Where this is the case, the number of included the time 
over which were studied are 
The purpose of each of the in Section B is to demonstrate some of the ways in 
which treatment factors interact with each other and with outcome. It is the 
of these and the of better ways to detect 
and monitor will lead not to the benefit of an individual which is the 
but also to renewed enthusiasm among clinicians who have lost some of the drive to 
grasp the of a with a head 
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1 
in 
TBI is a contributor to the burden of disease. is the cause of death 
for children and adults between the ages of 1 and 34 years old in the United States 20, 320 and 
accounts for more than two thirds of the deaths in children between 5 and 19 years old 55. In children 
and young adults more lives are lost due to than all the other causes of death combined 226,320, 
and even up to age 65 remains the contributor to years of life lost. The 
situation in developing countries is even more Even infectious diseases are an 
cause of loss of life, the overall burden of trauma is usually than in the 
world, and is driven related to road traffic accidents and violence. In South 
for is the cause of death in young adults and children over the age of 4 
years 38, which is not too dissimilar to that of the United States and the overall 
burden of trauma is much When with data from the United the 
increased risk of in South Africa is stark the chances of due to in childhood 
5-15 years are more than 6-fold in South Africa 38,189. 
Of all those who sustain TBI have the chance of or 
disabled 50,185,363. TBI has been nllr'<:l":'" in as much as 70-80% of accidental deaths after trauma in 
children 185, 230. This is because these injuries are at least preventable; therefore, injury 
prevention programmes are But even once TBI has been the incidence of 
death and severe may still be ameliorated access to effective emergency care. 
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initiation of treatment to insults may contribute to the avoidance of as much as 
30% of deaths 328. more agg ressive treatment of 
105. 370 the 
TBI appears to have 
rates for TBI are outcome in the last decade 
and children in lower income and the uninsured in income 
appear to be at 
overall contribution of 
risk of poor outcomes 
to the burden of 
86, 321, 322. 
deaths alone 
there are 200 emergency 
the 
of the 
visits and many children may For each 
be left with some 
the immediate 
rOlc)qlc;a or disabilities that have for 
are and wider the economic costs of 
considerable. For the direct and indirect costs of motor vehicle accidents alone were 
46 billion in the United States for the year 2000 320. 
In many studies the definition of childhood varies. This influences the 
characteristics of the their and also outcome. 
Some studies include 18-21 years old 134,309.371 in their of In the 
children less than 15 years old are included. The age range included in a 
is because the mechanisms of differ and the of older 
adolescents may be more similar to that adults than younger children. of the 
thresholds used in the of older adolescents in the intensive care unit are similar to or the 
same as those used in adult 
In all series of 
mechanisms of 
86. 
severe TBI, 
on the 
are more often 
of the head 
variations in the relative 
363 Minor falls are common in mild TBI. Severe TBI in 
than . The common 
and the economic 
of mechanisms of are 
children is to be due to 
falls from a and non-accidental while older children are more likely to be 
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in motor accidents. In that include older assault becomes more 
series for most from world In a common, but this is rare in true 
different economic milieu blunt and n""nal"<:I' assault in children is nor,nnearl 
these assaults are not accidental 
will be reserved in this 
described 
A wide range of has been 
for the 
405,412. On average, these studies of 
shaken 
for severe TBI in 
severe TBI 
the formal term 
curv!r ...... rna that has been 
from 
a 
to 57% 44,50.66.109.321. 
rate of 20-30%. Severe 
is rar,nn,a" in survivours 109. 411. A number of influence these 
with brain 
bias toward more favourable 
seleCllon criteria for the series 
care, and 
included in the 
rt:lr' ..... r'c exclude 
of care in the no!,plI81 
Bruce et al a very low rate of for children with severe TBI 44 This 
t'r\rHrr"'OrC\I as the authors that a rate of less than 1 0% should 
be trauma these results were not 
Johnson and fuelled the debate in their response to this article 
elsewhere. 
a 
series of 4041 children from 5 Level 1 trauma centres 
and none of the no~:;pl1aIS 
a local nmmltal this 
a 
rose to 
The overall rnn,rr<:llltu was 
rate less than 30%. For n<:l",c,ntc referred 
remains contentious 205. 
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outcome 
Better outcomes after TBI in children with adults are often 206, 363 For 
Luerssen et al found a ",inniti(,!'llnt lower rate in a cohort of 1906 children with 
adults 206 
al 
adult and 
there are a number of n"Innn",nt factors that should be taken into account when 
these results. adult series include who are known to have a 
rate than younger adults 144,377,414, To Illustrate this Hukkelhoven et 
per 10 years of age, 
is different between 
that the Odd's for poor outcome in adults increases 
of the presence of risk factors 157, So,,,nr.rI the of 
TBI. For adults are more than children to suffer TBI as a result of 
When mechanism of rate for children with 
severe TBI appears to be similar to that of adults 167 brain 
is often touted as a for recovery after TBI, there is 
brain 18, 122, 123, 413, What is clear 
evidence of the 
is that within the 
group, young age is a risk factor for poor outcome 10,99, 120,206,274, In 
age is associated with while the reverse is found in adults 258, 
the assessment of in children is more Adults have a stable 
level of that be used as a baseline for when outcome is evaluated, 
on the other are recovery to a baseline is not a useful 
122 is influenced economic 
and level evaluation of outcome in children to detect 
tools not available to most clinicians 231, Even after mild TBI in 
term chronic ",,,,,n,,,,,,.,,,, may U""''''HJU that are often overlooked 143, 
The issue of the 
trauma cases are 
uma 
infrastructure for trauma is an one, Most 
in nontrauma centres 357 and some may even receive definitive treatment 
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at adult 
dedicated 
on the 
infrastructure 
the 
Some authors contended that children with severe are best 
with trauma "'VI""",'I",n or accreditation 138,357 Their 
at a 
centre 
therefore the differences in children 
a 
is 
volumes at adult 
ill 
may offset the 
to 
On the other 
, ..... nt"",nC' of 
the 
but 
trauma centres. The relative benefits of each have been difficult to demonstrate in 
but the of current outcomes-based evidence does appear to favour the 
of children at dedicated trauma centres 357 
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2 
The GCS has 
of outcome. In 
been used for the assessment of the level of consciousness in TBI and 
the of the GCS is limited in younger age groups, the 
nr"'''''''TI<l1 child. alternatives to the have been the Pediatric Coma 
335, 336 and the Children's Scale all scales that assess the level of 
consciousness may be limited may be in 
when used for trials of TBI 24,354. Hn'lA,,,,,,,,,,r the ,el"'ltatlnn GCS 
remains the standard for of n<>r,onrc and its association with outcome in TBI has been 
66,99,109,134,274.308 
to is associated with outcome after TBI. Unilateral and bilateral abnormalities 
have been associated with increased and in survivors 134, 223, 274, 280, 390. Unilateral 
abnormalities may be associated with raised ICP and transtentorial while 
bilateral non-reactive may be associated with brainstem death. Both may be related 
to brainstem ischaemia. From an of in the Traumatic Coma Database 223, 47% of 
with a unilateral unreactive and 82% of with unreactive were 
dead or in a Ve(let:atl,,'e state at The association between 
cisterns on head CT is also clear. Van 
abnormalities and 
et al 390 showed 
that 75% of with ("'"rnnl",'", obliteration of the cisterns also had unilateral or bilateral 
abnormalities. A combination of that included CT of cisterns and brain 
6 
Un
ive
rsi
ty 
of 
Ca
pe
 To
wn
parenchymal lesions) and clinical findings (motor score, pupil abnormalities and age) correctly 
predicted outcome in 96% of their cases. 
The Role of Prehospital Hypotension and Hypoxia 
Incidence: Prehospital hypotension and hypoxia are common in paediatric TBI. Chiarreti et al 66 
reported hypoxia and/or hypotension in 68% and Ducrocq et al 99 reported hypotension in 31% in their 
respective series of children with severe TBI. The true incidence of hypotension in particular, though , 
is uncertain because the definition of hypotension in paediatric TBI varies between reports. Many 
studies report prehospital BP in children compared to an absolute systolic BP less than 90mmHg, but 
others suggest that systolic BP less than the 5th centile for age is a better predictor for outcome 71. 
Few studies report BP in relation to MAP thresholds, which is important because MAP is a better 
reflection of CPP. Also , in children height is an important factor influencing the normal range of BP, 
but is seldom considered. Height is related to BP independently of age 136, 299. It is an indicator of 
physiologic maturity and is better correlated with skeletal age than chronologic age. 
Relationship with outcome: Studies in adults and children report worse outcome if a patient 
experiences an episode of hypotension or hypoxia in the prehospital period. In adults, hypotension 
occurs in more than a third of patients and is associated with a 150% increase in mortality 64 . In 
children, the adverse effects of hypotension and hypoxia are also consistently reported 65, 66, 99,134,273. 
Pigula et al evaluated mortality in 58 head-injured children from an institutional series and 451 from 
the National Paediatric Trauma Registry to assess the impact of hypoxia and hypotension on 
outcome, using a systolic BP < 90 mmHg to define hypotension and Pa02 < 60 mmHg to define 
hypoxia, and found a mortality rate of 67% for patients who had experienced hypotension and/or 
hypoxia versus 16% for children with neither insult 273. They also found that hypotension was more 
predictive of mortality than hypoxia. However, it remains uncertain whether this close relationship 
between prehospital insults and poor outcome reflects the association of both with increased severity 
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of or whether it ronro<,on;,<, a modifiable that can 'fn"H"'''''' outcome if corrected or 
avoided. 
Severe diffuse brain 
",roc-o,,, with 
in children associated with 
half of all children who 
therefore many children 
with severe TBI have 
109, 134 The addition of extracranial increases the incidence of and 
a consistent and is associated with worse outcomes 363, this is not 
109. Given their rO''>Tn,,,oI, head size and t=>\">,f\r't=>r1 neck muscles and 
children are at risk 
with the MRI 
edema or minor 
difficulties in 
abdominal 
ICU 107,357. 
is 
270. The range of 
and varies from mild or transient 
to deficits 
emergency 
and different 
best in a dedicated 
of Cord 
abnormalities 
disturbances 
Without 
correlates 
a normal 
In consideration of the 
chest and 
the child with 
trauma centre with a 
Unlike adult 
lesions 
is more common in children with severe TBI 42,274; mass 
removal are less common in children. Diffuse brain has been 
to be the commonest CT 
the likelihood of poor outcome 
in children with severe TBI and appears to increase 
, These may have rates well over 50% 13,274, 
The association between subarachnoid on head CT head and poor outcome in 
TBI has also been 274 
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The most used head 1T''''''''',TlAn of TBI is 
these include: Diffuse 
Marshall et al 223, in 
which there are 6 
Diffuse II 
midline IV shift evacuated mass lesion lesion 
The and non-evacuated mass lesion not 
rar\nn,an in this paper occurred in the Diffuse 
lesion HrI'WP',/iOf there are 
IV and non-evacuated mass 
limitations of this classification 
, The diffuse and mass lesions are n'>"-:ltc,"'; in whereas in often 
occur mass lesion is not For 
haematomas have different outcomes but this is not reflected in the classification, 1"1"'lAfP'lfPr all CT-
used. based classifications have limitations and the Marshall classification continues to be 
The association of CT-based criteria and ICP variable. In the 
there was an association with elevation but others have not 
the Marshall 
found this 144. 
one third of with severe TBI and normal initial CT head scans may go on to 
('fo.<>"",ri ICP 203. Others have 
MRI is more sensitive than CT 
diffuse axonal 
199, 241. 
and white matter 
its use is nO'"lor'",1 
the risk of increased ICP with normal CT scans 152, 
for del:ectmq brain 
and may be more accurate 
in the acute and does not 
detection of 
outcome 108, 
alter 
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3 
Elevated ICP after TBI may occur as a result of intracranial 
venous and seizures. oedema occurs after 
mechanical microvascular tissue which results in breakdown of the blood-brain barrier and 
increased vessel with accumulation of water in the interstitial spaces. The process is 
mediated such as arachdonic histamine and free radicals. 
Cellular oedema on the other results from ischaemic and the failure of cellular energy 
there is 
ischaemia as a consequence of ionic 
also a neurotoxic that occurs in the absence of 
221. The extracellular-intracellular sodium is 
to the influx of water into the cells. Recent evidence 
is more nr"n-oln.::.n after head than oedema or vascular 
that cellular oedema 
222 
Cerebral 
vasoreactive 
causes brain due to Ani"",,'f1A of the vascular bed to a 
the mechanisms for which are unclear. The is not areas 
of do not correlate with abnormal areas on MRI scans 307. Functional 
between CBF and cerebral metabolism may be 74. increased CBF in the 
of normal or decreased metabolism causes h\J,..,,,,,r!:>""irY"l 
elevated ICP due to increased CBV 420. 
or in 
10 
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The causes and consequences of elevated ICP have a on outcome in TBI 6,224,279, 
420. ICP is elevated in 30-80% of without intracranial mass lesions 293,325 and the 
of deaths due to head are associated with elevated ICP 279. there is 
no Class I evidence the benefits of ICP and the 
evidence is 40 ICP with severe TBI and an abnormal CT head 
scan is recommended in adults and children based on the likelihood ICP 6,40,252. 
,,,,,,,hr.,,,,, about the of ICP nlT'"Ir''' continue to circulate 12,79,81,323 the 
benefits of ICP as an emergency appear to be clear when a has an intracranial mass 
lesion or is threatened imminent ICP in the ICU is limited in 2 
areas. 
which may 
adverse effects, 
use 
elevated ICP may occur (!Q('r.nr!<>,'l, to several different 
treatment. all interventions for rcp have 
the benefit of ICP. For 
recommended even 
each of 
the 
C02 
is in most and is therefore effective in 
ICP 265, the vasoconstrictive effects of may reduce CBF to ischaemic levels 
246 in absence of the cause of elevated ICP and for the effects of the 
ICP rY'If"nitl,>,irl" can be a blunt tool and may expose the to risks of ill-
advised treatment. 
the benefit of ICP all have me:tnclOOIOQ flaws 12,63,81, the studies 
323 that limit their uncontrolled elevated ICP poses considerable and well-
characterised risks to the known to be associated with poor in cerebral 
herniation and ischaemia. with ICP and treatment of elevated ICP have 
been associated with better outcomes in several studies 40 and therefore ICP is still 
11 
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recommended. 
63 
evidence for the benefits or limitations of ICP monitoring may be 
Ch 
Indications for ICP in children vary between different institutions 50. 243_ In the United 
60% of children with severe TBI ICP but there 
is between-centre variation 243_ 
without an ICP monitor in situ 243 
does appear that there is 
situation in some 
conformance with 
the benefit of ICP in 
receive ICP-concern, many 
there is this it 
...... n'lAfP'"'''' similar to the 87 
TB1 275. 
In children the definition of elevated ICP is less clear than in adults because of 
norms with age. This is further 
about what CPP ,,,,,rIAT'" 
similar to that of adults In ICP> 
the different 
, and whether the 
index in children 
curve in children is 
is considered abnormal and the threshold at 
which treatment should be initiated 41 Lower thresholds for treatment are often considered for 
but there are no reliable data to this. the younger 
most threshold for ICP treatment remains 20 
characteristics of the brain which determine the at which a 
and the curve is similar ,then 
and 
If the anatomical 
arru\c", herniation 
a similar is similar to that of an adult 
threshold makes sense, as an CPP is maintained. This threshold 
of et al who found an inverse between CBF and ICP > the 
and and Marmarou who found in the index when ICP 
was elevated above 
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Standard methods for ICP rnrlnn, ... nr,n are used in children. devices are used most 
and the Camino device 
used 
the 
These include the Cod man ICP 
less 
child with diffuse 
reduction with CSF removal are 
index is such that small 
l,-,c'tnrYHI is 
Irlc'trlrr", is also 
small ventricles in 
the benefits of ICP 
be of benefit in children because the 
in volume result in in ICP 325, 
13 
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4 
The issue of what rn''l<;:YITI an cpp both adults and children (1ono,·",t,,<o 
debate. Debate also continues about whether I->_t<>rf"l!ot<:.rl treatment or 
better. There is a well-known association between low CPP and poor 
treatment is 
this may 
reflect its association with elevated ICP. On the other some argue that absolute ICP 
values are of lesser if CPP can be nracarllon several studies have 
shown the between low CPP and poor outcome in whether this reflects that 
association of both with increased of or whether active modulation of CPP benefits 
is much less certain. If the latter is the remains: what is the ,..,.nlr,m",1 CPP for 
":,,,nAl'<;: in adult TBI were recommended Rosner et al 300,301. In if 
is CPP will cause reduction of cerebral blood volume the active vasoconstrictive 
response of cerebral arterioles. This may avoid the cascade associated with CPP levels 
at the border of the lower of In so, ICP would be 
and there would be less risk of low CPP-related ischaemic eDiSOCles Elevated CPP may 
r.rf),r.I""m<:. with this 
an increase in BP may 
also CBF in ischaemic 76, 169, 331 
have the CPP may be 
and exacerbate tissue oedema 102, 261 this leads to a 
14 
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increase in "'''''TOlrn adverse most acute nlr"tA'''U distress 
without any clear evidence of n.ona,' .. 294 
An view emanated Lund ,nn/l'>c'"ml in ';;:jweaem where clinicians 
concern that this may exacerbate oedema and elevated ICP. 
pro,po:sed lower CPP to in adult of brain volume 
to limit oedema formation 22.104.129,262. Lower pressures are 
of metabolism 260,261.262" Their outcome results have been as as 
at any other centre and their is the lack of metabolic seen at 
lower pressures in their this has also not been without 
nTrJ"\\lQ,P;:"f 19, Other studies that CPP in the lower range may increase the incidence of 
ischaemic 174 and that increased CPP brain absolute CPP 
levels may not tissue therefore lower CPP levels may be hazardous in 
centres where measures of metabolism or tissue To illustrate this 
Thees et al demonstrated in an model of CPP that electrical 
silence occurred over a narrow range of but over a wide range of CPP 368, 
A middle ~nr)rnj"{'h sU~lQests that CPP should be 
that should be is not clear and there are several 
limitations. These include CPP based on maximal 
and measures. 
to the n<>ti,<>nt ..... "'."<"'1<" the 
all of which have 
15 
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In this heated debate about CPP t<:>rr'Qt", is further 
BP and ICP norms with age. there is little on what constitutes an 
CPP for age, or even the definition of It is clear that low initial BP correlates 
with 
Several studies 
reveals the 
examined various CPP thresholds in children with a summary of which 
the Jones et al considered a CPP threshold of 50 
children under 13 years old to be 170 Chambers et al 56 used a novel 
index to evaluate insults in critical CPP thresholds of 54 and 58 for age-
groups 7-10 and 11-15 years and rnn::>rl"'£1 the duration of time below these 
thresholds with outcome. The authors found the index to have a 
value for outcome. In an earlier paper, the same group 58 used curves in 
the determination of 45 to be the minimum CPP threshold for outcome 
in children. Prabhakaran et al 278 described 2 groups of children with severe one 
maintained at CPP > and the other at CPP > in this small 
there to be a trend towards better outcome in the CPP arm, but 2 in the CPP 
arm died while there were no deaths in the ICP arm. Vavilala et al found that all children who had 
an admission BP < 90 had a poor but that the 75th cenUle of BP for 
age was a better for outcome than the threshold. Downard et al 98 on the other 
hand found that CPP elevation> 50 was not associated with survival in their series 
of 188 that CPP may be as a proxy for the avoidance of 
Yet Hackbarth et al found that maintenance of an CPP was the most 
TBI 134 In their ~ 80% survival could be v"'J,,",,",',,",,", """rl""".,t factor for survival in 
if CPP was maintained> and> 90% survival if CPP could be maintained> 
16 
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None the above studies considered for age in the estimation of MAP or CPP. As discussed 
correlates better with skeletal age than with age and is related to BP 
of age 299. There are considerable differences in the BP normograms between children 
who are on the versus the centile of for age 136. 
Current recommendations for TBI the avoidance of CPP < in all children 
and CPP> an while that CPP 
17 
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5 
u 
This section concentrates on clinical issues cerebral blood flow and 
that these have for cerebrovascular 
1. 
in 
and on 
on the .mr,I.,..",nf>n<> 
and outcome in TBI. 
Diffuse cerebral is common in children with severe TBI. or vascular 
was many to be the cause of this to 
elevated ICP in children with severe TBI. This was Bruce et al ,who 
SU!~QE;stE!a that the nr""rlf'lIm cause of diffuse in children was and vascular 
based on measurements of CT head scan values and a subset of 6 children 
in whom CBF studies were done. More r",('ontl" as a cause of diffuse 
has been 329. 420. The of 307 and even 
when it does occur, the r,'''':>tIr.n with elevated ICP is not obvious . When CBF values are 
with mean values for the age group the incidence of true appears to be much 
lower than believed 420 there may not be an absolute 
correlation between CBF and age, CBF values tend to increase from the lowest values at birth to a 
at age 3 to 5 years old and then decrease to adult levels 69,420 When to adult 
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CBF values in normal children are Cerebral metabolic rate for rlV1H'Cm and cerebral metabolic 
rate for also appear to be low at birth and childhood but there are too few 
data to be more hc"rotl'lro when InH;>cnrCHln CBF values in children with correct 
ranges should be taken into account. 
critical values for cerebral ischaemia stroke occur when CBF to below 
18mll1 23, 333, 416 and this is associated with electrical failure and EEG 
Mismatch between Inf'r"'';;,,,, and limited oxidative 
cellular acidosis and net energy loss. Further reductions lead to membrane and CBF < 
10mls/1 is to exist at the ischaemic core of an infarct 225. The likelihood of 
irreversible tissue ischaemia is a function of both the and duration of tissue 
333,416 
in TBI the between CBF and metabolism is much more and low CBF 
does not with cerebral ischaemia because it may be for reduced 
metabolic demand or mitochondrial 'normal' blood flow levels may be 
low in areas with increased metabolism if there is between CBF and 
metabolic needs. 
oxygen extraction and 
absolute values of 
metabolic needs after head mitochondrial increased 
between metabolism and CBF must be taken into account to f'I"1,'r"",'tl\J 
that thresholds of CBF for irreversible in TBI differ 
19 
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to those documented in stroke even 
oxygen are similar . 
thresholds of cerebral metabolic rate 
The in 
clear evidence of 
such as diffusion 
selection of for 
classic macrovascular ischaemia in with 
ischaemia in nn""_,.,.,,,"orn studies , may 
may a role in the 
of the 
of tissue 
and method of 
combined with the 
in TBI 235. The 
indices of 
ischaemia have constrained to define the incidence of cerebral ischaemia after TBL 
the 
elusive and the 
of cerebral ischaemia or tissue as a event has remained 
of ischaemia after TBI remains debated 35, 75,92,343,401 
there are several responses of in TBI, 
the 
the vascular 
of pressure 
of the 
responses to in and 
Since the earliest 
of pressure 
is a 
response in which cerebral blood vessels vary in calibre to in 
a constant CBF. cerebrovascular resistance varies with BP. to a 
MAP of 90 
a MAP of 1 
!:>{','nlll'\! is 
occur in arterioles less than 200 microns in wh ile between 
occur in vessels than 200 micron in diameter 181 Pressure 
active over a range of BP from MAP of to 1 272, and 
within seconds of the in BP. In this active range, cerebral arterioles 
constrict as BP is elevated and dilate as BP is lowered. As BP is lowered cerebral blood volume 
increases as does on intracranial 34. Below and above the lower and 
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upper CBF tends to vary with in BP. 
BP below the lower limit of AR decreases CBF and above the upper 
CBF and cerebral blood volume. These responses have been known to be active in 
normal brain , but more rOr'onthl the "<l,rrn,OnT of AR in TBI has been 
When AR is blood vessel calibre varies with BP as does CBF. 
if BP is elevated cerebral arterioles dilate and increase cerebral blood which in turn increases 
ICP. Cerebral blood volume and ICP may vary with f"'n,::onr",,,, in BP 34. I-<n,.,e'/e 
when AR is intact the reverse occurs decreased MAP may lead to increased ICP because 
cerebrovasodilation CPP at the lower of the curve. 
et al 181 demonstrated that the main cerebral blood volume in the area of 
the lower AR are the small arterioles which can diameter of 200%. 
These are sufficient to the ICP observed in response BP 382 
on the whether AR is intact or the same BP can have 
different cerebrovascular effects in individual 
AR also has for the OW:;::UlJOv of CBF to the tissues. At lower levels of 
AR may limit the normal BP and exacerbate the 
adverse effect of nHY,nT<>n on ",e/Y,r,n 
response to 
ischaemia. 
cerebral blood 
the status of AR has 
for the 
volume and ICP. In 
levels and cerebral at 
in TBI The status of AR 
3) increase 
and allow 
cerebral cerebral blood 
AR increases the risk of cerebral ischaemia at lower CPP 
CPP levels. These have 
1) be associated with choice of an 
lead to unintended consequences with 
of cerebral blood volume to treat raised ICP. 
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or 
studies conclude that AR is or lost in a but pressure rpOl,rmflT\I may be 
and not lost 186 This may result in a reduced vasoactive response to BP 
or a of the limits of e.g. AR may be initiated at a CPP 
threshold. Several studies have tested the relative ctr,,,,nl,tn of AR as an index rather than as an 
absolute assessment Rosner et al 300, 301 QQE~stE!a that the lower limit of AR is often 
after would avoid the cascade that 
results from CPP values at the lower range of the AR curve, where cerebrovascular dilation increases 
cerebral blood volume and therefore increases ICP et al found that a lower 
for AR occurred over a range of CPP values from in 
..... /"\,,""o\"or ICP 
because ICP 
where 
were used as 
may also 
is 
rr/"\,n<>lo markers of the status of which may be 
on the cerebral at the time of and the 
these are broad a clinical situation 
are not a to AR or 
n>=!l"'Iorno.nT in individual TBI ",,,,lfont,, 
Un
ive
rsi
ty 
of 
Ca
pe
 To
wn
The of the status of AR has been described several ",cornrv.c which include the use of 
CBF studies 33, 247, TCD 346, 397, laser uv,,,..,,,,,, "'''''Alm"""" 184, 375, brain tissue oxygen 16\ a 
index of the continuous between MAP and ICP 346, and 
arteriovenous difference in oxygen as a marker of in CBF The most 
used bedside involve observation of the "nr'n'~.n between MAP 
and ICP over time and observation of CBF/FV responses to induced nur,,;,nr., 80, 
83, 148, 149,268, 345, 346, 356 AR is often referred to as the static rate AR to describe the response to a 
or AR to describe 
the response to a in BP cuff deflation test or carotid 
similar results there may be variations 145,281, both of which 
369. TCD evaluation of AR is used because it does not ".."',""",,, on the more cumbersome or 
invasive methods of it poses no radiation risks and it can be at the 
bedside 80, 195, , Determination of the static rate of AR the TCD has been validated 
with PET and direct examination studies 254, 
An index is used to describe the the The 
used to ARI is: 
ARI ::: %LleCVR I or 
eCVR is the estimated cerebrovascular resistance and is the ratio of MAPI FV, LleCVR and LlCPP 
refer to the in the values AR LlMAP is used when ICP is 
not measured, 
An ARI value of 1 that the of AR is a value of 0 of 
and values between 0 and 1 reflect the relative of AR. the AR is a 
an ARI of 0.4 is used as a threshold to describe whether AR is intact or not 
others have used values, Values for ARI < 0.4 are associated with 
AR and values;,: 0.4 are associated with intact AR. 
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The 
limit 
a 
more 
BP 
to AR 
of elevation of the MAP used to test AR is variable. studies eleV81e MAP to 
20% of its baseline value 33, 376, 397, Others .nt""''"''''''' MAP over a range of 50-
186 The most information would be obtained from the range of AR with 
BP to detect the lower range of AR and elevation of the BP to detect its upper 
increases in MAP and may involve 
The former may more limited information but may be 
in the ICU. These nr~.t't't''''' information about the action of AR over a range of 
to be encountered for the individual either or as a consequence of 
intervention. 
The used to test static rate of AR are because may influence 
on FV. These cerebrovascu lar and confound the examination of the effects of BP 
include direct effects on vascular tone and an increase in the cerebral metaboHc rate of oxygen 
passage the blood brain barrier. The effects of adrenaline and noradrenaline have 
been examined in animals and humans in several studies that have 
the direct effects of these on CBF and ICP appear to be 
data, In 
and not 
ne(~es.sa!rily limited to their effects on MAP 25, 103,209,248,284.285,341,348,379, 
to increase BP in the of AR 33. 141, 149, 186, 380, IJh,::.n\l'lon 
direct effect on the cerebral vasculature as 
is the nrc,farran 
appears to have minimal 
does not reach concentrations 
shown ne(~es.sarv to effect rI"'rlr"'.,~ of vasoconstriction sufficient to influence cerebral blood volume 
181 the direct effects of on CBF are to be 62 
More r"'t'ont,\! the effects of on brain and ICP have been tested 
catecholamines 100 but less is known about its action in AR 
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to 
The ICP responses to a rise in BP AR have been described as pressure 
pressure and pressure stable 186. Pressure responses are characterised increased 
ICP with induced n\l"crrcn pressure active responses reduced ICP 
and pressure stable response in ICP. The pressure stable response is 
consistent with in cases of very which 
should be evident from the baseline ICP values. et al 186 
intracranial 
demonstrated the 
from a pressure to a pressure stable at the lower limit of which SU(lae~S{S that it 
active pressure not all studies demonstrate a fall in ICP with 
increased BP 34. The limit of the lower ealkO()lnt of AR and the used for may 
these variable ICP responses to BP in who appear to have AR 34, 
247 the between AR and elevated ICP is Disturbed AR may 
intracranial n\l"crrcn but intracranial may, in AR 80,85. 
DCI!:stl'U on 
an CPP based on tested or observed AR responses is an attractive idea 347. The 
CPP is chosen based on the range of CPP over which AR is most active. this 
may achieve 2 1) it avoids the cascade associated with BP at the lower 
range of the AR threshold and achieves the lowest cerebral blood volume for a and it 
should on a basis. This may be true when the lower 
is known as it cannot be assumed that a universal threshold for CPP is for all 
therefore or lower CPP that is necessary for an individual may both have risks, A 
et al 182 would seem to this In their both 
and lower CPP increased contusion 
CPP. 
which was minimised over a short range of 
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there are nAtant"" 
close to 
response is maximal is not 
is and ICP is not 
associated with the risks of 
limitations of this !:Inr,rr.<,l"' 
about 
when AR is 
the CPP at which the AR 
to 
a lower CPP may be a 
it can be 
If 
not 
of 
can be established measures of substrate or metabolism. Measures the 
response of vessels cannot be with metabolism. 
this nnrA:::l('n may be or unwanted ICP related to intact or 
AR responses, the use of an CPP based on pressure AR criteria alone may be 
if the of is not 
AR has been 
on the 
in one to two thirds of with severe TBI 34, 247, 265, 306, 327, 397 
of the the baseline BP the 
time after TBI and the method of AR appears to be 
40% of n:::lti"'nt~ at some TBI 380, • The 
AR varies with time after 149,376, and may differ between 
399 measurements at a 
AR in n!:lt,Qntc with TBI. 
in time may not the true 
of 
in 
315, 
of 
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Several have shown an association between AR and poor outcome in adult and 
TBI 144, 269, 345, 398 et al 327 also showed that there was a between 
CPP and cerebrovascular resistance in children with but no between 
these measures children with poor outcome after TBI. Increased age and lower CPP appear to be 
associated with of AR 144, 
In """,'i",,,,,, with the studies of AR in there are much fewer studies in children with TBI 247, 
until these studies had not described the use of AR in the ICU 
examined 26 environment where it may be used as a 
children with severe TBI 
children 
children with 
after 
a modification of the 
in children with TBI. 
of head 
TCD, These studies 
Hn'IA''''''''''' whether the association of 
with increased of or whether 
to treatment. Muizelaar et al 
washouts, 
wash-in 
et al 
Vavilala 
described AR in 17 
et al examined 36 
while anaesthesia at a mean of 9,6 
the association of AR and poor outcome 
AR and poor outcome reflects the r""'3T11' ..... of both 
and therefore AR causes 
nr""",,,,nT'" a modifiable factor that influences is not clear. One r"m·r\cnc .. ~TI\,'O 
SU(JaE~stEla that the status of AR may influence the choice of ICP- or CPP-directed treatment 155, 
This is further Ov."ll'\lrOfi in 
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The '-'VI ... ..,",",' effect was named after Christian for the of the in 
of a wave when the receiver and of a wave are relative to each other. In a 
and transmitter of the wave and blood instrument the 
reflects the wave back to the 
is both th e r",r""''''''' 
TCD was introduced 
basal vessels of the circle of Willis a 2 mHz 
Aaslid in 1982 for insonation of the 
. Since then the instrument has 
become used for non-invasive estimation of intracranial The of the 
instrument is based on the maintained diameter of the MCA under 
conditions of BP and PaC02 1. absolute values may not in FV 
are to in CBF in the insonated vessel. TCD FV correlates well with CBF as 
measured 
be confounded 
and arteriovenous differences in oxygen 32.256.346,366. This 
vasospasm, in which the diameter of the conductance vessel is 
vasospasm can be detected the ratio 201. 
can 
TCD studies have been used for estimation of baseline cerebral blood detection of cerebral 
vasospasm 59,196,228.264, and in tests for determination of the cerebral vascular response to 
BP 195,257, PaC02 255.257, and metabolic 195,255. Use of TCD has also 
been for the noninvasive estimation of ICP and CPP 29, 314, and in the of brain 
death 240. 
The MCA is the most 
used. The 
adults. This distance is 
insonated intracranial vessel and a is 
of the MCA is identified at a of 50-55 cm from the surface 
shorter in on age. of insonation 
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on other nn\I"'''''', such as trauma. The which also 
the \loln(',I>, is chosen for measurement. In nQ''lQr,<:I1 TCD velocities are a reliable 
between the ultrasonic beam and the estimate of true velocities in the vessel. For of 
intracranial the maximum error should be less than 1 2. Practical difficulties with 
term insonation of the MCA limit the use of TCD as a continuous tool in TBI. 
TCD the 
increases with age to 
in CBF with age. In 
at 97 cm/s at 6 to 9 years 
is ",n.--.rnv. 24 This 
decreases to adult values of 
50 cm/s 380. The mean 
of CBF for age 
in TCD studies occurs at a 
There also appear to be 
in anterior and "n<'Tor,n FV 396 
Under constant conditions of BP and the of blood flow the conductance 
vessel reflects distal cerebrovascular resistance. A index can be calculated which reflects 
this. The most used index is the index 126: 
PI= where is FVd is diastolic FVand is the mean FV. 
Several studies have SU(laE!SH~d that the PI is useful for the non-invasive estimation of ICP and CPP 
in TBI 29,60, 200,242,283, 344,404 and of ICP 249,277, 310. In Bellner et 
correlation between PI and ICP in adult TBI , correlation coefficient 
ICP > can be detected with a of 0,89 and of 0,92 29 
found a 
and that 
et al 
found a increase in PI per increase in ICP 154 very few data exist on the PI in 
children with TBI. et al 238 rQr;rH'"tQri 
haematoma in infants and Trabold et al 378 
with poor outcome, This is further in 
of PI after evacuation of acute subdural 
that increased PI was ,n,..,on,"nf"O 
18, 
associated 
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can be 
TCD 
the 
201, 
index which was described in a that 
index == I where is the FV in the MCA and is the FV in the ICA 
The relevance of this ratio is based on the fact unlike the intracranial the extracranial 
ICA is not involved vasospasm; therefore in this vessel reflect in CBF 
whereas in intracranial vessel FV may arise from increased C8F or narrowed arterial 
as in vasospasm. When vasospasm occurs the ratio and vasospasm is jf 
the mean is >120 cm/s and the ratio is >3 . Mild vasospasm has been defined 
as ratios between 3 and 4, moderate between 4 and 6, and severe >6 264, 
confounds the between TCD FV and metabolism and between ICP and PI. In adult 
vasospasm may be common, in the late 227,228,264,419. n,h/.,u." vasospasm seems 
to be rare after T81 213. 
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6 
n 
a on 
A fr<>rC>I'"j in the of ",,,,t.ont<:> with severe TBI in the ICU is to nrr""rlIO Q'ue::;,"",u,nt::: 
to the brain to avoid COI',",,,.n 
methods for and 
used that are worth discussion. 
limitations inherent in all of these forms of 
as a rrl'\,n<:>j·o marker and 
much attention has been focused on 
of the brain after TBL Several methods have been 
any method has been restricted 
used methods for direct and indirect 
of the of brain 
are reviewed 
of its use in the cohort of 
below. Pbt02 is reviewed here in detail because 
that form the bulk of this thesis. Continuous EEG ...... "n,t,..",.",., may 
also be used for the detection of subclinical seizures and assessment of level of consciousness 407 in 
the and may also demonstrate to brain .",,...h<l,c,..,... but is not reviewed here. 
The standard for oxygen and metabolic indices in the brain is PET 
very few centres have access to PET and additional infrastructure is to 
unstable of oxygen for PET 
to be stable and it is restricted in that it 
metabolism at one in time. TBI is a condition and ischaemic 
may have on outcome. For these reasons PET 
of oxygen 
of short duration 
little role in the continuous 
31 
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other brain 
intervention 132, 158,263,401 
involves the 
PET has a role to as a research tool for validation of 
and determination of metabolic and Y""'U'VI..I,v responses to 
insertion of a microcatheter with a 
solution at ultra-low flow rates. This allows free diffusion of water and solutes from the 
interstitial fluid to the solution. Tissue concentration determine diffusion across the 
which allows 
brain metabolism can thus be 
and 
or in a 
studies of 
One of the 
on the 
location. Most 
in children 292.372.374. 
limitations to the WI{]e~'D 
to be collected and 
the catheter can be 
work has been done in 
markers of 
brain 
there are very few 
use of as a clinical tool in the ICU is the 
infrastructure and expense for semi-continuous A pump is 
basis and an 
to infuse the 
for the <!::IITlnl;::'q, catheter with vials have to be on a 
is there are substantial 
current 
or technician 
does not continuous 
to work 
therefore 
ischaemic epISOCH:!S may be missed or intervention may be there is some concern that 
measures detect ischaemia at critical thresholds of CBF reductions below 
20mU1 but may not an at levels of that 
.U,.,(1lr,i'1 ischaemia 312. Lactate rises when Pbt02 is less than 1 in 
and human studies 146, and rises at very low levels of Pbt02 146 These concerns 
have limited the use of in the it remains an invaluable 
research for the determination of the tissue response to the"::>!,,o, intervention. 
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The use of SJV02 is common in the ofTBI if not 'Alllia", "",,,,,,i Most 
of the work that has been on SJV02 has been in adult TBI. little is known about 
SJV02 in for ,,1"''''01''"' of the catheter is 
The of the catheter is above the level of C1/C2 disc to minimise contamination 
from the facial vein. Correct of the of the catheter is "nlrt<l."lt because the 
SJV02 is based on the fact that the bulb of the internal vein drains blood. 
Incorrect 
carotid """,to.rYl 
or shift of the catheter may contaminate with blood from the external 
There is debate about which side should be monitored. Some choose the side of 
worst or bilateral 
nh'C::PI"\lIrlf'l the rise in 
SJV02 may be useful as a 
on the balance between 
most the side of dominant venous 
of each internal vein and 
measure of cerebral 
oxygen and demand 
of SJV02 is based 
r'orohr!>1 metabolic rate of 
The arteriovenous difference of oxygen and the cerebral extraction of oxygen can also be 
calculated. can be or 
a of SJV02 in the ICU directed at levels 
there is some debate on what threshold for treatment is and whether normal values 
may be even lower than believed 67, and low levels of SJV02 have been associated 
with poor outcome 77, 210 SJV02 has been to Pbt02 in several studies that 
demonstrate correlation between the 2 methods in some but not all 125,131,175,391 
SJV02 r",,",,,-linn may occur low in with focal ischaemia and even in 
near to brain death due to , The main limitations of relate to the failure to detect 
ran II,n '>. ischaemia 74, and the technical difficulties that reduce the time of 
88 
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Because SJV02 is a measure of ischaemia may occur without reduction 
in levels. Coles et al 74 demonstrated on average, 170mls 13 ± of 
brain was ischaemic 
that the catheter 
microthrombi at the 
amount of time of 
SJV02 rn!'",no,n below the threshold of 50%. This limitation may be of 
Technical n!'"n""orn may reduce the amount of time 
data of Positional of the 
and the need for calibration reduce the 
data. In centres that focus on SJV02 it appears that this time of 
data is 125. in average centres this may decrease to less than 50% 175, 
Latronico et al 191 found that data from SJV02 influenced that 3.4% 
of observations were below the threshold for treatment and that there was substantial difference 
between the 2 sides. these issues are debated 355. 
A number of methods have been described to monitor CBF or or flow vel'OCllIV as a 
of scans, xenon-enhanced CT scans, 
emission the thermodilution mO,T"'..-,,.. laser dOI)oh3r un"/nn",,,nl 
and TCD "ol,""ll'" as a are 
cumbersome and cannot be used for continuous rn""it,"\rir'r> Others may be more for the ICU 
but measure markers of CBF 
in the ICU has become available 383. a 
Pbt02 and in that it monitors a focal of brain. 
continuous local CBF 
it is similar to 
it may 
information similar to the above-mentioned modalities. 
A limitation of CBF is the of the between CBF and 
metabolism in TBI "''''TlonT''' flow and metabolism are linked in 
after TBI this may be disturbed. absolute levels of CBF may not be reliable. 
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CBF may be associated with increased metabolism or may be as in 
Low CBF may occur to metabolism or may reflect true ischaemia, 
NIRS is that uses the 
to reflect the concentrations of 
of infrared 
and 
transmission and 
to measure 
in tissues about 2 cm below the surface, Different methods include 
and nn'"c,>_r£,." oe(~trosc{)Ov 16 Transillumination is more difficult in adults and 
older children than in for whom NIRS is more established, While there are many of 
the usefulness of NIRS when there is no brain as in cardiac anaesthesia 250 and carotid 
rt",,''''f'i'f'lml\l 15, similar in TBI are limited, Of those that are some demonstrate 
results 11, but others raise concerns that the correlation with SJV02 and Pbt02 is 46, 
251, Technical factors that may interfere with (either no or an unreliable 
include a wet chamber between the oo[oale and subdural air after extracranial 
subdural subarachnoid and brain 
Normal NIRS values have been found with ischaemia 319, ThAn:;.tt"'llrA the use of NIRS in TBI 
may be limited with current 
alter this 
394,408 the of newer may 
Local brain tissue oxygen tenSion can be monitored with a catheter inserted into the of 
the into white matter. Two have been 
I\JJ) and Neurotrend The latter also 
measured tissue and PC02 but is no available, The Licox monitor is a Clarke-
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electrode that contains 2 electrodes covered a membrane. The amount of 02 across 
this membrane on local tissue and determines the between the 2 
electrodes . Initial animal work and bench followed human confirmed the 
of the Pbt02 
. The 
in vitro accuracy, and the low drift and zero drift over time 90, 150.175, 
area is 14-1 . Local tissue from the catheter is 
minimal and are rare 90. The time of data is in the of and 
calibration is not the Pbt02 are stable within hour 
sometimes the may take up to 2 hours 90,312.388. 
Normal values in humans are not """,,,,,,,,v known. Because the Pbt02 value is influenced 
local 
the 
the value varies 
monitored. 
on the metabolic and diffusion characteristics of 
may be reduced of ischaemia 
from studies which have measured Pbt02 in animal work and human studies 
normal brain that normal values for Pbt02 are around 89, 201 An 
increased likelihood of poor outcome is noted as Pbt02 falls below 
Scheufler et al demonstrated in an animal model that CBF levels below 20mll1 correlated 
with Pbt02 levels below 1 This 1 threshold also correlates with critical thresholds 
related to outcome in human studies 175. Pbt02 < 1 is associated with in 
decreased mitochondrial function and neuronal 145, 
Studies of Pbt02 in aneurysm surgery best demonstrate the decline in Pbt02 associated with 
ischaemia due to 95, 174 
Pbt02 values also 'ornrD,t"'!,"n based on the location of the The Pbt02 monitor may 
be in white matter or close to or 'Iesioned' 
brain 1. Pbt02 in brain appears to reflect in 
312, 388 not all agree on 160, Pericontusional brain may demonstrate altered 
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characteristics that a different to 'non-Iesioned' 
brain 168 
The best of what Pbt02 in the brain reflects is debated. Often considered a 
measure of the balance between and demand of oxygen in the it is also influenced 
other factors. Pbt02 has been associated with CBF 96, 97, 164,385, blood flow and 
nv"nc,n content 415, mean transit time of blood the brain . arteriovenous difference of 
nv"nQ,n 296 and venous P02 132, . Some of the factors that influence 
the Pbt02 value are discussed below. 
a measure of the pressure of Pbt02 is affected Pa02. 
even in conditions where arterial blood is near full saturation and increased Pa02 
contributes little to arterial oxygen increased Pa02 is followed increased Pbt02 
236 the arteriovenous difference of oxygen "'r,,, ... ,,',, influences Pbt02 296. 
l ads to a decline in Pbt02 and increased anerobic metabolism 72, 
limitation of this is that the ventilator Fi02 
in absence of substantial 
used for tissue 
in oxygen 
133,358 and the 
be ,rn,r,,.,,1',,,,,t in n",:>rr\nrr>inr. tissue barriers to diffusion 
on Pbt02 and metabolism in TBI are 
17, 
influence the Pbt02 
dissolved oxygen may be 
pressure of oxygen in the tissues may 
The relative benefits of h",,,,,,,',""'" 
debated is further 
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Pbt02 varies with 
Under controlled 
in PaC02 if 1"'0,ro"'"""", "'I"'I C02 is 
these are linear 141 The Pbt02 
to the vasoactive effects of PaC02 
131, 160, 214, 316 
occur 
may induce or worsen 
cerebral ischaemia and may local cerebral blood flow and 
local in areas at risk of ischaemia 214 if 
increases cerebral blood and therefore the reduced CPP may have less n"::'rll('t,,, 
effects on Pbt02. and variations in the """'n .... th of C02 in the cerebral vessels as well 
as responses in abnormal may account for occasional 
response to C02 ('''':lnr.",,,, moderate-severe 
recommended 246, there continues to be debate is no 
risk of ",,"c'nnn::>,ru ischaemia due to n\lrl",nlP in human TBI 
reactions of Pbt02 in 
brain 
the extent of the 
Elevated ICP may reduce either the l cal pressure effect or reduction of CPP. 
of rlo,"'"rY'ln,ro", and barbiturate in adult TBI have demonstrated 
Pbt02 after relief of ICP 163, when results are an overall 
between ICP and Pbt02 may not be demonstrable 388 because of the many other factors that 
influence Pbt02. This further in 11, 13 and 15. 
Several studies have examined the between Pbt02 and CPP but have 
results 14, 45, 76, 89, 169, 219, Most studies the effects of induced 
on Pbt02 have demonstrated an increase in Pbt02 in response to 
"'H"n",. this has not been a universal To some extent these results may reflect variations in 
the <:tr,on,"Ith of AR and the ""',"I"r,n rt:,l",t,nn between CBF and CPP. In 
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Pbt02 shows a close with in CBF 141,415. Pbt02 may have a close 
with nrr,nn"'",,,, and warn of ischaemia, In the Scheufler et 
oxygen decrease in CPP was followed CBF al 312, a 
extraction 
decreases, 
while oxidase redox level and Pbt02 showed and 
Isovolemic haemodilution reduces brain and increases lesion size in TBI under 
conditions 137, and Pbt02 decreases after 
resuscitation 215,216. Results of studies such as combined with 
shock but 
nr"AIl".f1nt:> of the 
to 
role 
that Hb concentration as a carrier of oxygen and in oxygen content of 
that the avoidance of anaemia in TBI is warranted, the 
thresholds for transfusion are unclear because transfusion has 
transfused stored blood does not have the same oxygen as the and 
the of the in in the microvasculature is uncertain, Two centres have 
examined the effect blood transfusion on Pbt02 in adult TBI 193, 194, Blood transfusion had a 
on Pbt02 and the 
transfusion characteristics. Several 
transfusion on the 
of in Pbt02 was not pre-
factors may influence the effect of Hb and blood 
of the baseline brain 
age of the stored blood and alterations in The of blood 
transfusion on Pbt02 in TBI is examined in 16. 
f) to 
02 in the tissues occurs which is affected Pa02 2l P02 decreases 
in the extracellular space with distance from the vessel 313 and so the diffusion 
distance between the and the cell is an factor intracellular 02 tension, 
In TBI microvascular factors that may increase the diffusion distance for 02 include "''''''tn,v,,, cell 
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and arteriovenous 235 
diffusion-limited tissue 
more difficult to 
in TBI may be as 
If these factors a 
as but 
02 diffusion to the 
the pressure of 02 in the may be of than in normal 
Since the studies of Pbt02 in TBI in the and in the 90s 207, 233, 
several studies have examined the between Pbt02 and outcome after TBI in adult 
26, 350, 351, 384, 417. Low Pbt02 occurs most in the first 24 hours after TBI 388. 
391, which is consistent with lower increased lactate and cellular acidosis seen in this time 
70 The risk of poor outcome after TBI has been linked to the and duration of low Pbt02 384, 
388. For Valadka et al 384 demonstrated that the Pbt02 values were below 20 
the 
threshold 
examined 
was the likelihood of with the difference between alive and dead 
at Pbt02 values less than 6 difference the lower the 
Pbt02 deteriorates to zero when brain death occurs 267, 339. Two studies have 
in Pbt02-monitored n<:lf,onte with historical and have that a 
may benefit et al 234 I'n,mn<:ln::,rI 2 groups of 
both of which had Pbt02 monitors Pbt02 was treated in the second 
group, CPP rno,nt<:l1',nn when Pbt02 was reduced. The Pbt02-treated group demonstrated a 
lower of tissue and a likelihood of favorable outcome. Stiefel et al 
350 found that treated with a Pbt02 monitor had a lower with 
in a historical cohort at their institution who were treated with ICP No 
randomised trials have been na.-tnr'"..,<::,rI to date. 
2 have been on Pbt02 in both of which involved rol;:>tl\,IO small 
who had a mean age of 14.65 years. numbers. Narotam et al 253 evaluated 16 
In their series there were 6 deaths no n:::>t;""nt<:: with normal initial Pbt02 died. Stiefel et al 352 
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r""nn""" 6 children severe in whom Pbt02 was ITlI"'·:lnTlM lower if ICP was than 20 
and CPP lower 40 
41 
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Section B focuses on discrete studies which have been structured around "'n~"'ltl(' from the 
observational data collected children who were treated for severe TBL 
8 summarises the process of data collection for these studies and the of data 
extracted. 9 discusses the broad of the ways in which these children were 
what thresholds for treatment were used and what interventions were CFrlnor",c,n 
10 summarises the clinical and 
cohort of 52 children which form the core of this 
and treatment variables in a 
and on which the are 
based. The data are to detect the of 
variables. The 
pose the 
are based on this cohort and 
11: 1) what is the association between Pbt02 and other and what are the 
associations between clinical and and outcome? 
12: what is the association between monitored variables and the risk of 
cerebral infarction? 
13: does adherence to treatment avoid brain 
14: what is the effect of ICP reduction with DCH on Pbt02? 
15: what effect does transfusion have on Pbt02 in children? 
16: does the use of scores the risk of ccr'l"\nfi<llru 
.11;"<"11'·'1 17: what effect does normobaric have an Pbt02 in children with TBI? 
.11;"</111-', 18: what are the between TCD-derived variables and CPP and Pbt02? 
19: what is the between the status of and clinical 
the ICP and Pbt02 responses to in BP? 
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This section summarises the process of COII!eCIIO and of data for the 
Three broad CaleO(:mElS of data were collected: 1) clinical and I1Q,,,",n,nr'" 
PhI/SIC)IO(lIC, and outcome data. Various treatment factors were also collected to SU!JPlf3ment the 
and 
MAP. 
The 
insertion 
used and 
The ends with a discussion of the broad statistical ",nnrr,,,, to the collected data. 
and clinical data collected on admission included: age of the 
mechanism of time of other 
time sequences were calculated: time of admission 
from to monitor duration of and 
of "'",nv,,,, were recorded 
initial and initial 
time of monitor 
oflCU 
standard definitions. 
was defined as Sa02 and was defined as BP 
for ",i",t.:,r'f'\I and with other studies. ow,eVE~r initial MAP was also 
n '" 1\1",<:.11 in with these. 
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In addition the classifications and were recorded: 
I",..:"n,,,, Coma Scale 
Coma Scale was used for 
documented. 
Postresuscitation GCS was recorded in all The Pediatric 
children 335,336. The motor of the GCS was cor,,,,,,,,,fo!l\I 
Paediatric Trauma Score The PTS includes 6 variables: mental 
skeletal and open wounds 364, 
Paediatric Index of The PIM 2 337 is a score that uses the 
collected on admission to the ICU: or r"''''''Tn.IO 
Pa02/Fi02 
surgery 
base excess, elective admission mechanical ventilation recovery from 
reactive (1), 
medications was excluded, 
and risk! low risk 
nonreactive or 
reactions were as 
nonreactive The influence of 
Head CT classification: The 
based on admission head CT scan 
of TBI was classified to the Marshall 223 
These are as described in 2. 
Patient was used in this to risk and to control for 
associations between variables since age may influence outcome 
56 
244 and thresholds 
variables: Intracranial was started as soon as ,",v."",,,,,,,,, after admission to 
the ICU and was continued until both ICP and Pbt02 were controlled for> 48 hours or the ",,,,bo,,,+ 
died. and Fi02 were recorded Data for some were also recorded in 
10-second the software of 
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across all manual were used for 
blood gas as per normal ICU nr('1,ln,.·nlc and when indicated. 
were identified and various tests and AR 
and excluded from Pbt02 data were collected 
run-in to avoid data from a 
a 2-hour 
catheter. Recorded 
data were checked for errors in 
Microsoft Excel and Access databases 
used whenever 
calculated: 
for more detailed 
Pbt02: When n<>t.ontc had 2 Pbt02 monitors in the lower 
process. All data were in 
were Raw 
the values were also 
of the 2 catheters was used to 
calculate the incidence of low Pbt02. values were calculated for each as: lowest Pbt02 
recorded the monitored 
and the number of 
In 
irreversible brain is determined 
mean Pbt02 
of Pbt02 < 1 
these 
and 
the first 24 hours of 
0) or Pbt02 < 
and because the likelihood 
of a measure low 
Pbt02 that reflects both was for each of < 1 
in each the value 10 minus was calculated (1 If 
Pbt02=1 a critical tissue !"!'If,ny.", 312. 384, then (1 
of all of these (1 values were <:1\1<'''::'''01'1 
This average was then 
in that 
overall tissue burden. 
of 
the number of eplSO(leS that 
This was termed the 
n;;m,n;""'Qn,,,, the 
of 
was less than 
to reflect the 
ICP: The ICP values were recorded for each mean ICP for the duration of 
mean ICP for the first 24 hours of the number of that ICP 
was the mean of all eOlsQ{jes when ICP was> ?nIYlm,l-In and the 
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CPP: Potential CPP insults were calculated for each as: initial CPP the lowest CPP 
and the number of that CPP was < and < 
{lyvnl:lnJ;ltin,n and Ventilation: was defined as Pa02 < on 
arterial blood 
observed 
or on orABG.The lowe~Pa02 
was also recorded. PaC02 was recorded as end-tidal C02 in some 
For arterial :::>m,nlt:'c:: of PaC02 were used. Both Pa02 and PaC02 were 
recorded in kPa. For associations between Pa02 and both are in for ease 
of use 
Arterial Hb was recorded as initial Hb lowest Hb and mean Hb for the 
duration of the ICU 
Serum The concentration of serum sodium was recorded in mmol/L. 
Fi02: The ventilator fraction of was recorded as an variable. 
Other monitored and calculated 
calculated were the TCD 
that were also recrded or 
inri",.,,,,," and Pbt02/Pa02 ratios related to the Fi02 
of the Pbt02 catheters. Further details of these ,,:::>,r<>n!'lgtgrc:: are in the sections on 
and 17 to 1 
treatments that received were recorded. These included the use of 
and 
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Patients were evaluated at clinical examinations. Assessments the neurosurgeon, 
rehabilitation and '''''{''-I(":oI. 
were considered in final outcome evaluation. 
Outcome was recorded the 'I"'h,ntnrn",orl into favourable 4, moderate 
or 5, and unfavourable state and severe 
is a 
the GOS was not 
used scale for assessment of 
outcome it 
and most neurosurgeons are 
familiar with its use 54, 66, 99, 172, 176, 229, 395, .... ,,' .. 'o'''or the Paediatric Cerebral Performance 
Scale was also used to confirm these data 15, . The PCPCS was also dichotomised 
(1-3 for favourable outcome and 4-6 for unfavourable Deaths were recorded as 
occurred in the ICU in the ward within 30 
All data were with R statistical 
a statistician 
data were examined with combinations of correlation 
r",r\"r4~"'rI as 
where 
effects 
univariate and multivariate linear 
Where necessary, additional statistical tools were 
odds models and 
and all 
and Stata software 
of Town. In 
coefficients 
linear mixed 
P-values are two-tailed. statistics are ror,,,nr,,,,, as mean 
SD or median and range and range, on distribution characteristics, In 
variables with normal distributions are described as mean ± 
skewed distributions are described as median nc>I'ltlf'C: of the statistical 
are in the section. Wherever 
were used rather than summary data. 
while those with 
for each 
raw data 
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Data were collected prC)SpeC1We from a consecutive series of who underwent 
Pbt02 and ICP for severe TBI S at Red Cross War Memorial Children's 
between June 2006 and which forms the bulk of the in this some 
"<:Itl.::>"t" over a shorter of time to when the was done. 
Where the latter is the case, the 
old, which is in accordance with the admissions 
Children with TBI were considered for 
deteriorated to this level after 
dates are 
of the 
All "<:Itl.::>"t" less than 15 years 
if their 
extubation was 
GCS was S 8 or 
for a 
brain death was or the "<:>'Ii.::>,,t was considered to be 
initial assessment 3/15, dark brain on admission head CT scan and fixed dilated 
Occasional .... o>t,,,,,,,t,, did not receive rnrlnlt'>r' because Pbt02 catheters were not available or all 
Licox machines were in use. All of these ,..."t,,,,,,t,, survived. Outcome is restricted to the 
n<:lti.::>ntc: who received Pbt02 
Patients were resuscitated to the Paediatric Advanced Trauma Life uU'-'OJ'JI 
underwent endotracheal intubation and head CT and were ventilated in the 
ICU. Informed consent was taken from the of the child for intracranial 
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of ICP and CPP were in with the Guidelines for the Acute Medical 
of Severe Traumatic Brain in Infants, and Adolescents 4. 
intracranial haematomas were evacuated. General ICU treatment was directed towards 
and 
consisted of 
the head of the bed to 15 to 20°, maintenance of rectal 
maintenance of serum sodium;:;: 140 mmol/L. 
ICP was measured with a ""'T"IT"/ device or an 
monitors were used: Codman ICP 
and Pbt02. Basic 
and/or 
between 36 and 
monitor. Two 
elevation of 
and 
and available 
Camino NJ). ICP was treated if sustained at > 
there was a to lower this threshold in < 2 years old. If ICP was 
head CT to ensure that there had been no late of intracranial 
haematomas or The 
and where 
for elevated ICP was influenced the 
took into account concurrent 
TCD flow velocities and status of AR. Intracranial 110'~nll'0 the above conservative 
measures was with increased neuromuscular 
controlled moderate and/or saline and/or 
in a fashion. 
Controlled moderate n\l,'\or"""n' 28 to was used in accordance with 
5 and for brief as a second-tier to break of 
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Its use was controlled Pbt02 if Pbt02 was than 
and TCD. No 
transcranial TCD or Pbt02 
34 to 35 
was < 155 mmollL. 
underwent severe or 
occurred at lower 
If 
PaC02 was returned to 
saline was used to treat elevated ICP if the serum sodium 
was used for elevated ICP to conventional medical 
treatment if the 
effects in 
BP was stable, I-1rr",ntn was not used because of the concerns of adverse 
fatal lactic acidosis 9, 418, DCH was used as a second-tier th",r"''''\\/ for 
with rorr'<>f'tn"" elevated ICP who did not to or for 
ICP control where ICP increased to :2: or BP was too unstable for For DCH a 
unilateral skin was rrn,'rn".ti and the dura was with 
a The bone was stored in a bone in a sterile manner and 
within 4 to 6 but up to 3 months later on the clinical condition. 
nth,,,,rrni<> was not used. 
CPP was calculated as MAP minus ICP of CPP was based 
on the 8, which recommended CPP > as an 
that CPP may a continuum based on the age of the A more 
conservative was used for children < 2 years old for whom CPP of 45 was tolerated 
if Pbt02 was > In the to CPP was influenced the 
ICP and Pbt02 values for the as well as TCD and AR results where these 
were available. CPP was first the was euvolaemic. If intravenous 
isotonic were infused until an 
assessed clinical urine 
noradrenalin or tin,,<>,m was 
volume status was obtained. Volume status was 
central venous pressure and BP, If the 
was used to elevate MAP. 
If Pbt02 was low CPP > one of the methods orr.n'C1\1Q,n to ''''''1''11''''\\.10 Pbt02 was 
elevation of CPP 5 to 10 This was tested the Pbt02 and ICP response. If the 
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rr":::.nt".,, cPP to Pbt02 or caused elevation of as with this was 
discontinued, 
Pbt02 was measured with Licox catheters 
inserted into head 
lesions. In selleclted cases, catheters were 
which included 
which were 
white matter [f there were no localised 
in tissue considered to be at risk for ,,,,,h!>,orn 
near an area of 
with more marked The of the monitor was 
confirmed on head CT. An initial Fi02 confirmed that the was 
312 Pbt02 was as less than 20 and was treated 
a hierarchical treatment in a cause-directed This meant that at all times a cause for 
low was searched for and addressed where PO~5SI[)le, In the absence of 
cause the measures were used on TCD 
flow velocities and status of 1) elevated or borderline ICP was treated 
more if nr"""'o,'H "'..,"fin,,, BP was elevated to test Pbt02 at a CPP with 
volume 
elevated 
unless loss of AR caused concomitant increases in ICP with 
PaC02 was tolerated to induce cerebral vasodilation if ICP was not 
blood was transfused to increase Hb to ~ 10 and the fraction of oxygen was 
increased as an emergency rn..",...r':>n, measure or if Pbt02 remained low"""'''''''''''' "' .... t;'''';" of the 
above 
Patients remained intubated and ventilated for the duration of intracranial 
to maintain Sa02 > 95% and Pa02 
maintained in between 30-35 to unless 
Ventilation was 
PaC02 was 
in ICP or 
51 
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if extubation was eX[Jecrea to be 
after 1 
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This section ro.r,,-,,..I,,, the results of the 52 children with severe who ro ..... "",on the main for 
and clinical 
and outcome, TeD and AR results are their res;pectl\fe 
treatment 
sections 
18 and 1 because a smaller number of n<>t,a.ntc nested within this group 
because of selection criteria. 
These results to all children with TBI who underwent 
the June 2006 to 2008. Data collection was as cen'''i'',l·,ori 
and biased data recorded terminal 
excluded. Terminal data were defined as those collected after a 
criteria. For who received 
recorded data were 
accounted for 1.9% of this total. 
with 
or arlefactual data for 
and Pbt02 
8. To avoid skewed 
who died were 
had fulfilled brain death 
a total of 5619 hours of 
monitored variables 
Baseline and clinical variables on admission are summarised in Table 1 
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Characteristic 
Gender 
Initial GCS 
GCS3 
GCS4 
GCSS 
GCS6 
GCS7 
GCS8 
Motor ofGCS 
reaction on admission 
PTS 
PIM 2 score 
CT classification 
Initial 
Initial 
Initial MAP 
reactive 
nonreactive 
nonreactive 
II 
III 
IV 
Evacuated mass lesion 
Non-evacuated mass lesion 
Value 
39/13 
5 1 
5 
9 
12 
10 
11 
5 
3 (1 
41 
5 
6 (11 
3.S (-1 to 
0.16 0.2 
3 
31 
13 
3 
2 
a 
14 
13 
76 ± 19 
Values are as mean ± SD median and range where <::n"'·rlt"~1i 
months-14 yrs 
or as numbers and 
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The distribution within age groups was: <2 years 9.6%), 2-3 years 4-7 years 
8-11 years 6, and 12-14 years There were 39 
and 13 
Mechanisms of were: motor vehicle accident-related in 40 (76.9%), crush injury in 3 (5.8%), 
wound in 4 (7.7%), blunt assault in 2 (3.8%), fall from a in 1 (1.9%), stab to the head in 
1 (1 and non-accidental accounted 
for 9.6% of cases (38%) roconlon with 
Thirteen an initial SBP < and 14 initial 
or before or on admission to the 
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The median time to start of Pbt02 
was started :5 12 hours after 
and> 24 hours after in 5 
was 9 hours 7-17 after 
between 13 and 24 hours in 13 n:::lt.ontc 
The of 
1 to 19 and duration of mnnit,"'lrirl .... was 5.3 ± 3.1 
in the ICU was 7.7 ± 4.3 
to 15 
Table 2 and 3 summarise the results for of variables and of abnormal values 
as~;OclatE:d with Pbt02 or ICP for variables There were no 
Technical 
There were no technical 
to an area of contusion 
in 3 
were encountered with 2 ICP monitors that 
encountered with the Pbt02 monitors. Pbt02 was monitored close 
not within the in 5 cases, and in 2 locations in the same 
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Values are "''l<r,r",,,,,,,,(1 as median and range. 
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well as the number of 
as 
Characteristic 
Pbt02 
Pbt02<5 
Number of 
Pbt02<10 
Number of 
ICP 
ICP>20 
Number of 
m1CP>20 
9 terminal data 
to the variables in the Values are 
",",)IJU":"> above or below thresholds for all or number of 
who nor":'nl~Qn values above or below the 
Value 
9.7 range 0-28.3 
0 0-20 
1 range 0-22 
26 
28.3 range 0.6-53 
31 range 9-76 
14 (11-1 range 3-60 
14 (12-1 range 3-60 
6 (1 range 0-128 
43 
24 range 0-61 
as median 
as 
thresholds 
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cpp 
CPPlow (mmHg) 43 (33-50) range 0-73 
CPP<40 o (0-2) range 0-24 
Number of patients (CPP<40) 20 (38%) 
CPP<50 3 (0-12) range 0-77 
Number of patients (CPP<50) 58 (73%) 
Pa02 
Pa02<8 (episodes) o (0-0) range 0-16 
Number of patients (Pa02<8) 12 (23%) 
Pa0210w (kPa) 10.4 (8.4-13) range 5.5-38.3 
8a02 
Sa02<90 (episodes) o (0-1) range 0-9 
Number of patients (Sa02<90) 18 (35%) 
Hb 
Hb10w (g/dl) 8.8 (7.9-9.3) range 6-13.6 
Values are expressed as median (lOR) and range. 
59 
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Values for 
31 
lowest CPP was 43 
occurred in 20 n<>t,ont<! 
Pbt02 
for Pbt02 > 
occurred in 11 
and 
Of the 52 
received 
and were 14 (12-1 
DlSIJOE!S of ICP > occurred in 43 
for CPP 
of CPP 50 occurred in 58 
was 34 ± 13 
occurred in 26 n<>t,ontc: 
The medians for the lowest Pbt02 and 
underwent DCH (1 for diffuse brain 
received a 31 
Ten 
received 
Mean 
and Pbt02 < 
were 10 
(1 
and 
40 
to 
received HTS increase serum Na or to treat elevated These 'Qnir,,::,<! refer 
who underwent Pbt02 """",t,,,,,, 
This cohort of children a reliable of with severe TB I 
GCS of 5, mean age of 6.5 years abnormalities on admission were seen in 21 % of 
and 38% were is unusual in the 
but accounted for almost 10% in this group. 
Abnormalities in monitored variables were in these low BP and 
thresholds for insults each occurred in about one of the 
ventilation and of these variables were common. while in the 
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Pa02 and low 8a02 of these ICU occurred in 23 to 
elevation above occurred in more CPP decreased on occasion to less 
than in almost three of the and to less than in more than one 
third. Half of all t::>V"">rIiOn,~ari eplsQ(Jes when Pbt02 to < 1 and over 
of Pbt02 < .... frlfTIl-ln 
These data the of COI~nrlri insults in children with severe TBI and nrnMU1,,,, the 
in the Tnlln\Allnn 
6 
Un
ive
rsi
ty 
of 
Ca
pe
 To
wn
11 
Ii 
a in hi ren 
The of and critical care of children with severe TBI is to avoid or 
ameliorate to maximise the chance of a favourable outcome. Guidelines have been 
which aim to direct TBI based on available evidence 4. These 
resuscitation of the evacuation of intracranial control of 
most maintenance of and avoidance of insults. 
recommendations were set at the level of an because evidence from available studies was 
weak. Fewer studies are in TBI to adults and 
with to thresholds for are 
norms with age. 
A in neurocritical care is the 
evidence from nn'co'_,-nnrt""m 
of oxygen to the brain to 
and clinical studies 35,64, 
cerebral 
that 
adherence to 
cerebral 
information to 
between low Pbt02 and poor 
Pbt02 
These both involved small c",,-nnIQ'" 
is 
to poor outcome. 
and function may not avoid 
used to obtain additional 
with TBI. Studies in adults have confirmed the 
but 2 studies have examined Pbt02 in children 
and 16 In the 
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between Pbt02 and other markers in TBI has not been studied. 
aims to examine 1) the ral,::.f ...... , monitored and in 
and outcome in a .. ,,> •• on.£, with severe and the 
between Pbt02 and other pn'lfSI(Jlo.qlcal variables in severe TBI. 
Data 
Data from a consecutive series 
severe TBI at Red Cross Children's 
collected. The for 
who underwent Pbt02 and ICP mU,rm1'1 for 
from June 2006 to 2008 were 
initial assessment and 
data COlllecltlon and outcome assessment were summarised in 
and treatment variables in this cohort of 
8. 
Results for are 
in examines the ssociations between several variables and 
indices of Pbt02 and the associations between these variables and clinical outcome. Outcome was 
examined as described in 
PCPCS were examined. 
8. associations with overall GOS and 
correlation coefficients were used to test correlation between Pbt02 and other 
variables. between clinical and variables and outcome were 
examined with the Wicoxons rank sum test for continuous variables and Pearsons test for 
variables. Variables with in univariate were entered into a 
multivariate model. models were constructed for individual 
Pbt02 Values were examined as continuous and variables. 
models were constructed 
and Further 
for GOS 
was 
into favourable and unfavourable 
on all Pbt02 variables to derive 
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as 
Data 
as variables. Results are to examine thresholds of 
ratios and confidence intervals unfavourable outcome and death 
was set at 
range 
l"''''l"'r""tl\.''' statistics are 
52 with severe TBI who received 
as mean±SD or median and 
for CPP and Pbt02 between 
June 2006 and 2008 were 
The .... , .... ,,, .... '''' correlation coefficients and I'n.·'".' .... ''' for the associations between 
Pbt02<10 and and all 
treatment variables are shown in Table 1. No variable was 
but individual associations were found with initial GCS 
m1CP>20 
use of inr'ltrr'll"l"'" Pbt02<10, 
and 
associated with all 
PTS 
CPP<40 
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of each variable with Pbt02 
Pbt0210w Pbt02<5 Pbt02<10 mPbt0224 
Initial GCS 0.21 (0.1404) -0.35 (0.0113)' -0.26 (00625) 0.03 (0.8545) 
Motor GC5 0.17 (0.2307) -0.11 (0.4576) -0.21 (0.1378) 0.14 (0.3279) 
Gender -0.15 (0.2903) 0.002 (0.9887) 0.15 (0.2829) -0.20 (0.1495) 
Age 0.21 -0.01 (0.9327) -001 (0 9276} 0.041 (0.7748) 
PTS -0.15 (0.2817) 0.10 (0.4709) 0.33 (0.0175)* -0.08 (0.566) 
PIM2 -0.07 (0.6208) 1 (0.4568) 0.07 (0.6012) -0.09 (0.5321) 
CTclass -007 (0.6286) 0.09 (0.5474) -0.02 (0.8974) 0,04 (0.7652) 
ICP>20 -0.09 (0.5105) 0.02 (0.8658) 0.06 (0.6641) 0.05 (0.7091) 
m1CP>20 0.03 (0.8592) 0,07 (0.604) -0.04 (0.7821) 0.29 (0.0377)* 
ICPpeak -0.09 (0.4897) 0.11 (0.4421) 0.09 (0.5087) 0.15 (0.296) 
mlCP24 -0.18 (0.1989) 0.21 (0.1258) 0.14 (0.3294) 0.16 (0.2518) 
mlCP -0.18 (0.2121) 0.19 (0 1876) 0.12 (0.396) 0.15 (0.2801) 
CPPlow 0.38 (0.0065)* -0.26 (0.0641 ) -0.27 (0.054) 0.06 (0.6512) 
CPP<40 -0.31 (0.0269)' 0.32 (0.0212)' 0.19 (0.1702) -0.09 (0.5394) 
CPP<50 -0.23 (0.1093) 0.10 (0.4683) 0.1 -0.07 (0.621 ) 
Pupils -0.24 (0.0833) 0.23 (0.108) 0.22 (0.1236) 0.01 (0.9074) 
Initial hypoxia 0.03 (0.8548) 0.D7 (0.6193) 0.01 (0.9481) 0.08 (0.5686) 
Initial MAP -0.01 (0.948) -0.07 (0.6087) 0.08 (0.5577) -0.07 (0.6011) 
Initial 5BP<90 -0.01 (0.9171) 0.02 (0.9101) -0.04 (0.7724) -002 (0.8923) 
Initial Hb 0.04 (0.8021) -0.04 (0.77) 0.05 (0.6994) -006 (0.6498) 
Poly trauma 0.05 (0.7315) 0.05 (0.7342) -002 (0.882) -0.11 (0.4349) 
Pa02<60 -0.22 (0.1193) 0.25 (0.0789) 0.20 (0.1463) -0.40 (0.0037)* 
Pa0210w 0.06 (0.6541) 0.01 (09495) -0.04 (0.7602) 0.26 (0.0618) 
mPa02 -0.24 (0.0841) 0.26 (0.0584) 0.14 (0.318) -0.01 (0.9559) 
5a02<90 -0.28 (0.0438)* 0.27 (0.0544) 0.27 (0.0569) -0.20 (0.1616) 
Hblow 0.09 (0.5409) -0.18 (0.1943) -0.03 (0.8292) 0.09 (0.5238) 
mHb -0.16 (0.268) 0.01 (0.9209) 0.07 (0.629) -0.13 (0.3641) 
Duration. -0.04 (0.8249) -0.05 (0.7139) 0.041 (0.7753) -0.15 (0.2728) 
RBCT -0.08 (0.5951) 0.12 (0.3733) -0.02 (0.9113) -0.18 (0.2038) 
HTS -0.16 (0.2537) 0.041 (0.7758) 0.11 (0.426) -0.14 (0.3254) 
DCH -0.05 (0.7076) -0.10(0.465) 0.13 (0.341 0.07 (0.6168) 
Thiopentone 007 (0.6387) -0.16 (0.2477) 0 -0.13 (0.3581 
Inotropes (0.0276)* 0.10 (0.461) 0.31 (0.0277'- -0.31 (0.0276)* 
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Table 1: <':n~,,,,rnn"'n correlation coefficients 
and treatment variables. 
for associations between Pbt02 ,,,,,,,,,,,I,,,r<:: and 
with an asterisk CT CT 
HTS, \Jn~'rrt'.nlt' saline of times used in each 
of for ICP control; f'r<:>n,,,,,,..tl"lrYI\l used 
ni",(~lnn'v for mass lesion removal in one use of nl"1l"l"1n,"'" to increase BP. 
Overall mr.rt",lit\l was Of the who 3 died while in ICU died within 24 
hours of and 2 died after to the ward. All deaths occurred in 
and within 30 2 after range 1 
died within 24 hours of one 
arrest before admission to the ICU. a 
resuscitated she underwent ICP increase with Pbt02 
the arrest The other 2 
base of skull fractures with 
deaths were both related to 
intracranial carotid The 2 late deaths both 
who 
within hours of 
from 
to be 
related to that oll~"r""::"., after in itial at the scene of the 
Moderate to severe 
outcome was unfavorable 
was at 
in 12 
in 7 of the survivours. 
and favorable 
Dichotomised outcome results were the same between GOS and further 
was n",.rtt"\,·rn£,rj with the GOS. There were no ":>".",t',+,, ,,,::, survivors. Mean duration of 
survivors was 10.9 ± 5,4 months 3-22 
overall 
for 
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The between outcome as the variable and and 
treatment variables are summarised in Table 2. For ease of use, the are 
included in the results for the test was similar to those obtained with the 
Wilcoxon's and 
unfavorable outcome included: 
), 
In univariate 
variables that were 
(p=0.021 and 
were PIM 2 
occurred in 40% 
tests. Variables that had 
and initial GCS 
), Pbt02<5 
). 
all the above variables were still 
and mean Pa02 
with 
1), CT classification 
CPP<40 
), Pbt02<10 
Additional 
of who had a favorable outcome and in 92% 1 ) Pbt02<1 
of who had an unfavorable outcome. occurred in 10% and 67% 
in these groups roc,not""'o in n,=,',anTC' with favorable outcome and 
21.9 ± 1 in with unfavorable outcome. Pbt02 decreased to in all 
who brain death while monitored 
with mortality included initial GCS (p=0.0011), (p=0.001 mean Pa02 
(0.0052), Pbt0210w Pbt02<5 (p<0.0001), Pbt02<10 (p<0.0001), and 
(p=0.001 In univariate all of these variables remained 
while in addition the In",,,,,,,, PIM 2 
and 
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of variables between 2 groups for clinical outcome 
Values are ovnrlc,,,,,,,,on as median or number 
Variable Favorable Unfavorable Coefficient P-value 
Patient age 6 5.8 1] -0.06 0.6914 
Gender 1 [1-1] -1] 0.00 .0000 
Initial GCS 6 4 -0.46 0.0006* 
Motor GCS 3 3 -0.23 0.0941 
15 5 0.04 0.7995 
PTS 3.5 3.5 0.10 0.4653 
PIM2 0.07 1-0.1 0.13 0.20 0.1474 
ICP>20 5 [1 22.5 [1 0.21 0.1367 
m1CP>20 24 25.5 0.22 0.1217 
29 47 0.33 0.0168 
14 [11-16] 20 [1 0.32 0,0198 
13[11-15] 17 [1 0.30 0.0320 
44 29 -0.31 0.0236* 
CPP<40 0 3 0] 0.30 0,0304* 
CPP<50 3 8 0.21 0.1366 
1 [1 2 [1 0.40 0.0032* 
Initial 0 0 0.08 0.5770 
Initial MAP 71 -003 0,8556 
Initial SBP<90 0 0 -0.11 0.4570 
Initial Hb 10 1] 10.5 1] 0.02 0.8636 
Pa02<8 0 0 0.24 0.0901 
10.6 3] 9 -0.07 0.6146 
mPa02 23.2 [1 0,22 0.1162 
8.8 8.8 -0.1 0.4852 
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mHb 
Sa02<90 
Pbt02<5 
Pbt02<10 
HTS 
RBCT 
DCH 
Table 2: 
unfavorable 
9.8 
0 
0 
0 
0 
4 
24 
22 
7 (1 
4 (1 
of clinical and 
variable and outcome with the f"rv,rc,,,,,, 
and Pearson's Asterisks 
CT CT 
h"f'\,ort,,,,il' saline 
Innfrnln",o::; use of to incr ase BP. 
10.4 0.14 0.3167 
0.25 0.0787 
-0.49 0.0002* 
1 0.59 <0.0001* 
4 [1.8-1 0.55 * 
20.8 [11 -0.32 0.01 
20.5 0.52 0.0001* 
138 0.10 0.4789 
3 0.04 0.7542 
10 0.21 0.1416 
9 0.17 0.2235 
3 0.08 0.5721 
4 0.27 0.0507 
variables between who had favorable and 
correlation coefficients for the association between the 
results were found with Wilcoxons rank sum test 
of times use of 
of and duration of 
red blood cell 
for ICP control; 
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Outcome Variables that were entered into multivariate models included age, initial CT 
Pa02<60 and all of the Pbt02 was 
forced into the model because of its clinical All Pbt02 variables had 
with outcome in multivariate had a 
with outcome when 
dichotomised variable 
were also found for initial 
as a continuous variable 
at 1 
CT and 
but not when as a 
associations with outcome 
when tested multivariate 
models with some, but not all Pbt02 "<l,·",...".ot,::.rc Table 4 summarizes the Odd's ratios for 
the multivariate results of Pbt02 
variable. 
Pbt02 
outcome from mUltivariate 
Parameter 
Pbt02<5 for >1 hour 
Pbt02<10 for >2 hours 
P-values, 
examined as dichotomised variables with outcome as the 
dichotomous 
models 
P-value 
0.015* 
0.021* 
0.062 
0.002* 
OR 
24.6 
27.4 
10.8 
8.9 
47.6 
with 
Confidence Interval 
2.8-214.6 
1.9-391 
1.4-82.4 
0.9-87.5 
4.2-543.6 
ratios for unfavorable 
0.561 
0.54 
0.563 
0.521 
0.564 
confidence intervals and for each multivariate model 
variables not Odds ratios are r"'n,m1~'r! as the Odds of unfavorable outcome. 
Un
ive
rsi
ty 
of 
Ca
pe
 To
wn
Variables that ronf'l;:>II"Iof'i in the final 
and the Pbt02 
in multivariate 
when tested in models with 
dichotomised Pbt02 ,,;:>,';:>m,oto tested with 
Pbt02 dichotomous 
multivariate models 
Parameter P-value 
0.016* 
for >1 hour 0.005* 
Pbt02<10 for >2 hours 0.017* 
0.012* 
OR 
26.9 
26.8 
20.4 
25.8 
43.3 
initial 
nn'~nTII\' associated with 
associated with 
as the f101"lorlf1 
the multivariate results for 
variable. 
with Odd's ratios for from 
Confidence Interval 
1.9-387.4 0.464 
2.7-265.0 0.33 
1.7-244.7 0.442 
2.1-323.9 0.439 
3.8-491.3 0.453 
Odd's ratios confidence intervals and for each multivariate model variables not 
Odds ratios are as the Odds of unfavorable outcome. 
71 
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In this 
is an 
we examined ~ol'"Tlr''' between and treatment and in 
and outcome in 52 children with severe TBL The main were: 1) Low Pbt02 
in children factor associated with and outcome 
with severe Pbt02 was less and for a duration of time in with poor 
with other such as initial and ICP had a variable ~""":lTIr'nc 
Pbt02, 
There are several limitations to this the size is it is 
because it includes children with severe TBI who were less than 15 
years old. Se:>.("nrlr1 the age range months old to 14 years wide differences in 
thresholds. a number of in each age should be 
examined as there may be differences in thresholds that may be tolerated. 
few institutions treat numbers of children with severe TBI for this to be 
in nale-c:enlre studies. In this age was included in all multivariate models 
to control for its effect on the association of different variables with and the associations 
between different variables and Pbt02. outcome evaluation in children is difficult and 
was not in this the GOS and used in 
this can be dichotomised to enable examination for associations with death and severe 
These outcome assessments are used in are "'~"""fI""<>1 and allow 
for with other studies. this was not a pure observational in that interventions 
were directed at low Pbt02. Untreated low may have different associations with other variables 
and outcome even Pbt02 is associated with the effect of 
interventions for low Pbt02 were not therefore no comment can be made on which 
methods may be what their adverse effects are, and what these may have on 
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outcome. the Pbt02 data does not contain detail to allow a more cn<>",t,,, conclusion 
on what are the thresholds for Pbt02 that are associated with poor outcome. these 
these results show the association between low Pbt02 and poor outcome in 
TBI and that future studies to examine the of interventions for low 
Pbt02 in children would be 
The between other measures and Pbt02 were variable. 
with low Pbt02 were seen with lowest of of 
and of Sa02<90%. The association between Pbt02 and measures of 
arterial is not because is a known insult that may 
worsen outcome in TBI 64,273. Pbt02 is a measure of oxygen therefore it is influenced 
Pa02 236,296. Mean Pa02 was in who had a poor outcome and who 
died. This may reflect Fi02 used in unsuccessful to increase low Pbt02 in these 
A direct 
data reveals the 
was associated with 
of 
between mean Pa02 and 
Pa02 levels occurred in the 
but not with 
TBI recommended 
because 
Of 
CPP above 
of the 
low Pbt02 
of the 
at the level of an 
and CPP may 
had a 
a continuum 8. Of the ICP 
mean ICP above 
ICP-directed versus CPP-directed 
either as better 278, 294. 
been 79, 81 
with mean Pbt02 in the first 24 hours 
of has been debated but no clear evidence 
the benefits of ICP monitor-based have 
thresholds for ICP and CPP do not 
treatment in individuals based on eCE~ss;anlv avoid brain 
additional measures has been 31,271,305 
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Indices of low Pbt02 were 
models. Other variables that had 
associated with poor outcome and 
with outcome in univariate 
in multivariate 
CT and low CPP. The latter variables were in multivariate 
models for GOS with some, but not with all of the Pbt02 indices. None of these variables 
had a with when included in models with Pbt02 indices. In 
multivariate models that included initial CPP and age, low Pbt02 
r-r"",,,,to,,tl,, as an factor associated with outcome and The likelihood of 
of low Pbt02. If poor outcome was 
Pbt02 was < 
related to the duration and the of the 
for more than 1 the Odd's ratio for poor outcome was 27.4 1.9-391) 
and the Odd's ratio for was 26.8 If Pbt02 was < 1 for more than 2 
hours the Odd's ratios for poor outcome and were 10.8 1 and 20.4 
These data confirm results from studies in adult 
group of children with severe TBI. 
with TBI in a 
This demonstrates a 
severe TBI after pal:;OI,am 
between low Pbt02 and measures of poor outcome 
and poor clinical outcome based on the GOS and 
of clinical and age. The overall 
between low Pbt02 and insults such as and Pa02 was 
but may be in individual ",,,,,.an',, 
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12 
in 
Note: In this cC/-h"" ... results of Pbt02 from n<:>tlcntc 
were included to increase the 
with other clinical conditions the 
and of results. If Pbt02 is same time 
related to cerebral the results should be consistent across different 
Cerebral infarction is a known of acute 
and is associated with poor outcome. In TBI for 
such as TBI and 
clinical studies demonstrate that 
traumatic cerebral infarction is common and may occur in 8 to 19% of adults with moderate or 
severe TBI 220,359, the incidence is lower if with mild TBI are included 239 Post-
mortem studies show that brain ischemia is common in n",t,ontc who die after TBI 127, 128. 
these studies have 
children is not known, This is In"'iYV',""1'''' 
examined adult 
because 
and the incidence of PTCI in 
remains the cause of death in many 
of the world and children who sustain TBI have the 1 ), 
infarction after other disorders e.g. is common and is associated with adverse 
if children are young or there is a in treatment 61, 317, 318. 340. 
the immature brain may be less tolerant of insults than believed 413 
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In all forms of acute a range of local and mechanisms may be involved in 
the 
mass 
vascular 
of cerebral infarction not nr""~,,,,~t at the time of admission to nn<>nlT,;:o1 
elevated of flow-metabolism 
vascular vasospasm. 
128. 239, 266, 359, This cerebral infarction 
however conventional ICU may not at risk of nVIJO):lC-IS 
or DCI until is too late to intervene. 
These include 
focal 
and direct 
Pbt02 rnnl~ltnlrmrl ",..'"n',,, may detection of DO:Xla-ISICm~ernia to 
enable intervention. n\M"\I~>r there are a number of uncertainties, Pbt02 is a measure of 
local tissue oxygen tension with a microcatheter that ,>"",,,Ie,,,, a volume of brain of 14-1 175, 
the Pbt02 monitor may reflect reductions in it 
may not exclude focal that occurs in other of th  brain, It follows that the issue of 
of the monitor is 
some debate, It may be too 
the 
to view Pbt02 
of the Pbt02 is to 
as a measure of the balance between 
and demand because it is the dissolved oxygen in rather 
than arterial oxygen content or local oxygen 296 the between 
Pbt02 and DCI in TBI or has not been defined. some on Pbt02 and 
cerebral infarction after subarachnoid is available 162, 174, it is less certain whether 
information from Pbt02 monitors can detect or to infarction after TBI or 
this examined 1) whether Pbt02 DCI in children with 
in the association of other clinical and with 
and the incidence of DCI after severe TBI in children, 
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Data were extracted from children who underwent Pbt02 between June 2006 and 
200B. General selection of assessment and were as summarised in B. 
were included in the if 1) they had a Pbt02 had 
or and the last scan 
was at least one week after the initial unless an earlier scan demonstrated obvious 
infarction for who died within the first Patients who brain death criteria or 
in whom brain death was imminent in the emergency room on admission to the did not 
Patients who were admitted to the ICU but were to be extubated after 
admission because of 'ITIr1rr\\IQn condition also were not monitored. 
In head CT scans were on after 24 and thereafter when 
indicated. Initial head CT scans after TBI were to the Marshall 
classification 223. of with were examined for the presence of brain 
infective mass lesions and the of contrast enhancement. 
To determine if DCI the of all scans for each was 
reviewed and each CT scan was examined for brain h",,,",rion in vascular territories 
2 one of whom was a When there was a third 
reviewer examined the CT scan to reach consensus. All were blinded to the Pbt02 data. Well-
circumscribed 
were considered to 
on 
on CT scans but not nr£:l,,,.,,,,, ... t on the initial CT 
DCI. These were classified as infarction if 
scans or were observed on the last scan of who 
remained 
died. 
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To differentiate ischaemic lesions from contusion after a lesion had to 
be at 3 weeks or more after without of resolution 220, or had to be confirmed 
in who died before this time and who a 
examination If there was a on the initial scan, DCI was 
if this increased in size or a new in a anatomical 
was detected. DCI was classified 220, 359 as well-demarcated of low attenuation 
a watershed to 1) a known arterial vascular distribution 
distribution that affected zones between internal carotid or 
vertebral or in terminal zones of arteries. 
In as described. In antibiotics were 
administered for and ventriculostomies were for 
The of clinical and data was the same as documented 
Data were tested for with the test. and Pearson's correlation was 
used to test the association of individual variables with DCI. Correlation coefficients are as r. 
Differences between the 2 groups who rI<:>,,<:>I'"ln,,'rI DCI and those who did were further 
tested with the Wilcoxon rank sum test. Variables with were entered into a 
model to test for associations with DCI. Further was 
on all Pbt02 variables to derive to examine thresholds of Pbt02 as 
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and 
variables. 
range 
was set at Data are as mean ± SD or medIan 
had Pbt02 monitors between June 2006 and 2008. Five 
were excluded from 
less than one week after 
because no infarct was documented but their last head CT scan was 
re""ent<:>t,nn This left 57 """t,entc in the The indications for 
and clinical characteristics of the ",,,,t,entc are summarised in Table 1. The most common indication for 
Pbt02 
1 
was severe TBI This was followed 
"",t,Qntc with TBI had severe TBI and all with 
and were in coma 3 to 
IT",.n .. ,,,,,",,,, had tuberculous The mean age for all 
n<>t,entc with 
had severe edema 
Five of the 6 n<>t,ont", with 
was 6.1 ± 3.5 years. For 
TBI the mean age was 6.4 ± 3.4 years 9 months to 14 and for with 
the mean age was 3.8 ± 3.9 years 1-5 
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TBI 
TBM 
Bacterial 
Extracranial 
Metabolic 
GCS 
GCS3 
GCS4 
GCS5 
GCS6 
GCS7 
GCS8 
Thirteen """.onte 
1 bacterial 
reactive 
nonreactive 
nonreactive 
extracranial 
48 
5 
1 
1 
1 
7 
9 
13 
10 
12 
6 
6.1 ± 3.5 years 
43 
6 
8 
evidence for DCI on T""" .. ,'_' head CT scan (8 
of time for The median 
3 
from admission to last for survivors was 54 
deaths (1 in the whole group, All 9 deaths occurred within the first 30 
19-1 There were 9 
and 8 occurred 
while in the ICU. DCI were documented in 8 of the who died and in 5 (1 of the 
survivors. Table 2 lists the distribution of infarcts and Pbt02 location. In 2 of the 13 """,.on." 
with DCI, the infarct was in the Icnh'::>r''::> contralateral to the Pbt02 monitor 
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scan 
Left MCA frontal 
2 MCA Left frontal 
3 Left PCA Left 
4 Bilateral ICA frontal 
5 Left ICA Left frontal 
6 Left PCA Left frontal 
7 Left MCA Left frontal 
8 BiiaterallCA frontal 
9 Left MCA Left frontal 
10 Left MCA frontal 
11 Left MCA Left frontal 
12 Bilateral ICA 
13 Bilateral ICA frontal 
The incidence of DCI in TBI n<:>t'j",ntc:: in this group had Pbt02 monitors and met the 
was 16. 7%. To estimate the incidence of DCI for all who were treated for severe TBI 
this we further examined all admissions to the ICU for severe those who 
did not Pbt02 
but were not monitored with Pbt02. Most of these 
with severe TBI were also treated in the ICU 
had lor II Marshall scans and 
81 
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were extubated because of an level Pbt02 
was not instituted. The same criteria were for inclusion in the 
from Pbt02 Nineteen of these met the entry criteria for evaluation of 
and were examined. Of these one who had non-
accidental DCI. All in this group survived. 
for the whole group admitted to the ICU with severe TBI in the 2 year with 
without Pbt02 the incidence of DCI was 
13.4%. The results to who underwent Pbt02 
and 
Clinical and variables with the correlation coefficients for each variable and the 
of infarction for the 2 groups 
summarised in Table 3. The lowest Pbt02 was :5 
of Pbt02<10 occurred in all 
of those who did not. of 
<1 
with and without DCI 
.... ""nnt<- was almost 8-fold 
± 3 ). The duration of 
(1 0.4±11 1 versus 0.3±1.2 
1. 
Initial GCS 
Patient age 
ICP>20 
m1CP>20 [mmHg] 
3 
5.5 
10 
26 
6 
6 
5.5 [1 
24 
The 
1] 
with and without DCI on 
in all who 
with DCI but in 
occurred in 85% 
head are 
'''::'', .... n~>rI DCL 
41 8 of 44 
1 of 1 and 1 
of time that Pbt02 was 
without DCI (12.7 ± 13.2 versus 1.6 
was almost 35 times in the DCI group 
for the 2 groups is shown in 
-0.573 
0.103 
-0.026 
0.233 
<0.0001· 
0.445 
0.850 
0.081 
as 
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41 29 0.164 0.223 
20 [1 14 [11-16] 0.255 0.055 
14 [12-21] 13 [11-16] 0.177 0.187 
24 [1 44 -0.329 0.012* 
CPP<40 7 4] 0 0.275 
CPP<50 8 8] 3 0.142 0.294 
2 0.496 <0.0001* 
Initial 0 0[0-'1] -0.060 0.655 
Initial MAP 69 -0.142 0.291 
Initial SBP<90 0 0 0.176 0.192 
Initial Hb 8.7 1] -0.251 0.060 
Pa02<8 0 0 0.104 0.439 
10.2 10.7 3] 0.037 0.785 
mPa02 21.7 [16.2-28.1] 19.6 [1 0.052 0.700 
8.7 8.8 0.028 0.836 
mHb 10.5 10 0.158 0.241 
Sa02<90 0 0 0.158 0.239 
0 7] -0.626 <0.0001* 
Pbt02<5 6 6J 0 0.681 <0.0001* 
Pbt02<10 6 9] 0 0.646 <0.0001* 
13.3 1-1 -0.454 0.0004* 
54.6 0 0.641 <0.0001* 
of clinical and variables between who DCI and 
those who did not of and duration of 
correlation coefficients for the association between the variable and DCI 
with the Asterisks denote results. 
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-Max 
100 
I .~ 
aQ3 
50 = 
0 I .1 i .. = ... 
Infarct No Infarct 
Time x Depth of Hypoxia Burden 
Figure 1: Comparison between patients with and without DCI for the Time-Hypoxia product (Chapter 
8) reflecting the burden of brain hypoxic-ischaemic injury (p<0 .0001). 
Relationship between Physiological Variables and DCI 
Variables that had significant relationships with DCI (Table 3) included initial GCS, pupil reactivity, 
CPP10w, CPP<40 and all Pbt02 parameters (Pbt02Iow, Pbt02<5, Pbt02<10, mPbt0224 and Time-
Hypoxia product. There was a trend observed for association between ICP and DCI (m1CP24 
[p=0.055] and m1CP>20 [p=0.081]) and initial Hb (p=0.06). Pbt02 parameters were then examined 
with logistic regression to determine the risk of DCI at defined thresholds (Table 4) . The Odd's ratios 
(OR) for DCI and 95% confidence intervals (CI) for specific Pbt02 parameters were as follows: if 
mPbt0224 was less than 16.5mmHg the OR for infarction was 22.5 (5-107), if a patient experienced 
84 
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Pbt02<10 for more than hour the OR was 54 
more than 1 hour the OR was 70 
<0.0001 
Pbt02<5 for >1 hour <0.0001 
Pbt02<10 for >1 hour <0.0001 
<0.0001 
<0.0001 
and if 
in 
143 
70 
54 
22.5 
45 
13-1526 
10-476 
6-477 
5-107 
8-260 
Pbt02<5 for 
Odd's ratios confidence intervals for Pbt02 n:::.r:::.mplpr.:, Odds ratios are .. ::>n,,.,,"',,,,,,, as the Odds of 
".:>".:>,,...,,,n("1 DCI. 
and clinical variables found to have a 
entered into multivariate models. Different Pbt02 
models. and Pbt02 
with DCI in univariate were 
were examined in multivariate 
remained in the final model. Pbt02 
factors associated with DCI in 
multivariate 
multivariate 
and each Pbt02 remained 
and 
in 
8; 
GCS also was an variable associated with DCI when tested 
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and but not when tested Pbt02<5 Pbt02<10 
Pbt02 was on more than one occasion were almost 27 times more 
When 
to have 
DCI than those with one or no ':;"IJI;:)V'Jt::;:) when controlled for GCS 
1, CI 0.6-1 and 4, CI 0.4-41). ICP and CPP 
did not have an association with DCI. There was a trend to with 
when tested with Pbt02<10. GCS was associated with DCI when tested with 
o and mPbt0224 but not when tested 
5 shows results for Pbt02<5 in a ITI\IQn,,,,,, model with 
5: 
Pbt02 < 5 for >1 hour 
GCS 5 
>2 
0.002 
0.110 
0.240 
26.9 
9.3 
4.0 
and 
Odd's ratios and 95% confidence intervals 
This examined associations between clinical and 
and DCI in 57 selected children with acute 
Pbt02<5 11 
3.5-206 
0.6-143 
0.4-41 
for Pbt02<5, GCSS5 and 
and in 
in an ICU. The main 
were: 1 Low Pbt02 is an factor associated with DCI in children with severe 
Pbt02 was 
than those DCI is very 
and reduced for a 
if Pbt02 is 
duration of in with DCI 
>1 which is consistent with 
similar thresholds associated with clinical outcome after T81 384, and with critical reductions in C8F 147, 
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,and when Pbt02 was < for more than 1 hour the risk of DCI was very 
95%CI 
There are several limitations to this this is a center and 
at another centre for external the number of ,,<:>ti.antc who DCI was 
small. Pbt02 or elevated ICP was treated this This may bias the 
results. It also remains unclear whether treatment of low Pbt02 can reduce the incidence of brain 
ischaemial n\HI" .. 'i'" or DCI. If so, it is not known which intervention is best suited to DC I. 
ischaemia in areas remote from the Pbt02 monitor that did not 
progress to 
cerebral ischaemia. 
I.e. these data do not nr,..""",c an estimation of the true incidence of 
CT was used to 
resonance 
be underestimated. Hn,Ajc\IO 
care and is the most used 
61. 220. 239. 287. 318. 340. 359 
cerebral infarction. 
for infarction. 
not all 
the true incidence of DCI may 
in neurocritical 
rar,,"''''''' that describe DCI after head 
who had a Pbt02 monitor were and 
included in the because of the exclusion criteria. who did not have follow-
All of these survived their 
deficit who underwent 
Pbt02 those with were selected because of their 
tho.rot,nr." this may bias our results toward a incidence of infarction in this 
the Pbt02 data does not contain detail to allow a more conclusion what 
duration below individual Pbt02 thresholds may be tolerated. these results cannot define the 
reasons some who low Pbt02 to infarction and some do not. This 
may relate to the duration of the level of the metabolic of the tissue or 
intervention for these these data confirm a 
between low Pbt02 and DCI. 
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The vast .....,,,,,,,,ru of children in this had TBI. The exact incidence of ngl"""'" brain ischaemia 
after and in in elucidated in because 
variations or limitations in various rn;Q,rQr,r.';Q the 'Q"nrrc: in the literature are rnlntll,N Some 
PET studies after TBI 
PET scans are 
a very low of ischaemia measures 401 ..... n"Alo::>',/gr 
on more stable 
limited. Data from clinical studies 
measures of and mnrt""TI studies 75, 128, 351 a much incidence of np,,;o"/O'n 
in more 
PTel in adults is known to be associated with poor but the incidence and of PTel in 
the is not known. Marino et al 220 rn..-,,",rl'or! PTel in 19% of adults after head 
PTel was the of outcome at 6 months. 
""'TlonTC with moderate TBI and who were in the leu for less than 48 hours. Tawil et 
al 359 a PTel incidence of 8% in r":"",,,,nTC with severe TBI but also excluded all who 
died within the first 24 hours of admission and those with diffuse cerebral infarction due to 
this incidence may on which were evaluated and how the 
of PTel was made. The incidence of PTel in this was 13% in children with severe 
TBI. This differed from the above in adult TBI in that it considered with 
severe TBI and included who died within the first 24 hours and who had diffuse infarction due 
to It is to establish the incidence of PTel in a since 
TBI differs from adult TBI in several ways. For may 
have a effect on adverse outcomes in children than in adults 273, the immature brain may be 
vulnerable to 287, 413, and is NAI, 
which is known to have a incidence of infarction this 
"'Oltlenfc who had a Pbt02 monitor and intervention for low therefore the results may not 
eCE:!ss,anlv be to all children with severe TBI who are not monitored, 
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in this had In the infarction after Six of the 
may occur in 61,340; the exact incidence on the cause of the infection and clinical 
appears to increase the incidence of infarction in children with 
with each had a ventricular catheter to drain CSF and 
ICP was normalised in aiL Infarction was because 5 of the 6 had where 
cerebral infarction is common due to the thick exudate that accumulates in 
the basal cisterns around the arteries of the circle of Willis 112,317. In these cerebral ischaemia 
may occur normal ICP and treatment with antituberculous and steroids 
Pbt02 is a measure of local oxygen t",ni"""in 
brain oxygen when it is 
what the Pbt02 monitor value best needs better it 
appears that the information can be used to limit cOf'Ar.n brain 
ICP elevation of blood and normobaric have been 
oronm;ea to treat brain ,,,,_,'H/rlnV'<:I 76, 168, 194, 263, 301, 338, 349, 373, These interventions may be 
effective in low Pbt02 in 
adverse effects of each. A Pbt02 
with critical brain 
or any other monitor of brain 
"<:It,<>n'", and so may avoid 
there are 
may 
better 
of 
treatment of 
to all and focus on those most 
deleterious side-
to benefit from a 
intervention. 
This found that low in 
associated with DCI in children with acute 
and did not 
when of a 
DCI. 
an nrl'~n".nr!,ont factor 
measures of brain 
detection of low 
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may afford clinicians 
in ,,,, __ ,,.0'''1'''''' care and <:tn~'('ITII('~1 in 
to 
severe 
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13 
ren 
in 
Critical care units that treat children often may not have access to advanced 
and infer the of brain from recommended for 
Hb and Pa02. each these continues to be debated 3, 8, 193. 294 
These do not nel:;e~;sa account for local and 
in local oxygen and 
factors which may 
influence cellular such as cerebral 
269, 327 TI"',AI_rnOT mismatch 74 and increased tissue diffusion barriers 235 
Cpp after TBI remains defined. 
cerebral ischaemic 300, but may increase 
CPP has been advocated to 
adverse effects 294. A association 
between insults and poor outcome is well documented in TBI studies 54.56,66,71. 
98. 170, 180, 273 there is little consensus on CPP for or even the definition of 
8. 299 The between CPP and metabolism may be disturbed many 
factors 74, 368 Conventional CPP treatment f<>rno't'" may not nr"''''Q'~T cerebral ischaemia in 
all n:::>flonf", whereas may exacerbate edema and 
increase the risk of acute distress 102,294 Pbt02 may address 
some of these issues and allow CPP to be tailored to the and child. This 
evaluates Pbt02 in children with severe TBI to determine whether achievement of 
91 
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Data were collected 
for brain 
2007. 
and intracranial treatment avoids brain tissue 
from consecutive who underwent Pbt02 and ICP 
over a 9-month at Red Cross Children's from June 2006 to 
Patient data were to 1) the incidence of low Pbt02 and examine the 
association between outcome and Pbt02. The incidence of low Pbt02 was calculated for the entire 
duration of 
Pa02 and 
and for the time when conventional to maintain 
were met. For this 
CPP < 
data were excluded when time-linked 
vLl'';;'V'''''';;' of 
fifth for age or clinical of shock 3. Hb and Pa02 < 
< 90% were 
Pa02 were consistent with 
This allowed examination of Pbt02 levels when 
""",nt,,,, th res holds. 
BP less than the 
or 
Hb and 
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Patient 
In the study with severe TBI underwent Pbt02 Mean age was 6.B ± 3.4 
years. and clinical characteristics are summarised in Table 1. 
Table 1: and clinical characteristics on admission for 26 TBI patients for examination 
with Pbt02 and treatment 
Characteristic Data 
6.8 ± 3.4 (9 months-14 
Gender: Male/Female 22/4 
Mechanism of 
MVA 17 
MVA passenger 4 
Blunt assault 2 
Gunshot wound to the head 2 
Crush 
Postresuscitation GCS 
GCS3 
GCS4 6 
GCS5 B 
GCS6 5 
GCS7 4 
GCSB 2 
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Median GCS 5 
GCS motor score 3 ± 1 (1 
abnormalities 
Unilateral non-reactive 2 
Bilateral non-reactive 3 
13 
Time to start of 13 ± 15.4 hrs 
Initial Hb 10 ± 1.66 
Initial MAP 78 ± 16 
oflCU 8±4.2 
of 7.4 months 
Initial CT features 
Diffuse 3 
Diffuse II 12 
Diffuse III 6 
Diffuse IV 3 
Evacuated mass lesion 2 (1 1 
!\Jon-evacuated mass lesion 0 
Where ap~)IICcIO data are ",,,,,,,nt<,rl as means ± standard deviation, except where stated otherwise. EDH, 
extradural hematoma; subdural hematoma. 
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ICP and Pbt02 
hours in 7 
was started within 12 hours of in 17 ,·v·,.,,,,,,.,, and between 12 and 24 
I\n("\,n.fl"\rlr", was started after 24 hours in 2 ~~t'~n'" who were 
other units. Both these 
start of after 
had normal I) admission CT scans. The average time to 
was 13 ± 15.4 hours. The mean duration of intracranial 
123.7 ± 67.1 hours. Mean ICP and CPP the of were 15 ± 8 
15 
16 
Mean maximum ICP and mean minimum CPP were 35 ± 19 
Pbt02 data from 3217 hours were 
of the 2 catheters was used to calculate 
had 2 Pbt02 monitors in 
incidence of low Pbt02. For all 
was 
and 68 ± 
and 40 ± 
the lower 
mean 
Pbt02 the of Mean minimum and maximum Pbt02 were 
10 ± 6.5 and 67 ± 19 
occurred in 24 
Brain oxygen values less 20 
and for the time 
15 1 
At least one of Pbt02 
or 5 for the entire 
were met are 
in Tables 2 and 3 For the defined 11% data 
were excluded because at least one for this was and 23.5% 
were excluded because the defined were not achieved. This left 2107 hours for in 
Sa02 ;:: which all 
and Hb 
were ICP was < 
the achieved 
ePISO(leS of Pbt02 less than 20 56% had 
CPP 50 Pa02;:: 60 
80% of 
less than 15 
had one or more 
32% had 
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less than 10 and 12% had ePISO(Jes less than 5 20% of had no 
ePISO(Jes of Pbt02 < the time that were 
2: 
5 18 
15 
6 
Table 2: No. of number of "OIt,,,,nt,, ",'vncn"",," 
in 17 
7 
1 (1 
5 (1 
one or more eplsO(leS of Pbt02 less than the 
thresholds. cumulative duration of calculated as an average 
from the number of n<:ot,,,,n'<> with Pbt02 values below the r.nrrA"n()y,nirlCl threshold and as median 
in hours. 
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<20 
<15 
<10 
<5 mmHg 
Table 3: No. of "",tion'h:: 
20 
14 
8 (32%) 
3 (1 
number of 
thresholds, Duration, cumulative duration of 
number of with Pbt02 values below the 
treatment were 
5.5 
2 (1 
1.5 (1 
1 (1-1 
one or more eplso(]es of Pbt02 below the ro""o,I''''.(O 
calculated as an average from the 
threshold and nr"'''<;:F'n as median 
range) in hours. * For one patient treatment targets were not met at any 
died within 24 hours of injury), 
during the dataset (this 
This examined 26 children with severe TBI who underwent continuous Pbt02 
their ICU care. Each child was to for 
TBI 4. These and other and Hb among other 
variables while the child receives ICU care. The from this is 
achieving these compromised Pbt02 was common and about one third of 
had evidence of significant brain (Pbt02 < 10mmHg). 
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There are several 
that efforts to correct 
limitations to this the is not a pure observational 
rrlr,rf\,y"c,ori Pbt02 were made. This may bias the results. Second, the 
in 
size is small which means results are the data are in that 
who had met treatment «:"('IO',C for and Hb still had severe 
brain < 1 the range of children included in our is 
The children in this were all less than 15 years however. reflect 
of older in a This is since the 
adolescents may be more similar to that of adults than that younger children. There are also very 
few less than one year of age. This is since these "",tront", may have different 
characteristics to that of older children. Because the size is age-
levels of Pbt02 could not be examined. the mean time to start of Pbt02 
was late. With earlier start of brain have been 
the included in this the first who had Pbt02 
at our institution. There a curve associated with 
how to to the information it these these 
tor'hn,f\lrVH' and 
are consistent 
with those observed in adult TBI in the after resuscitation 351 and in 
"""",,,,,nt after TBI in children may need further 
that 
that describe 
The have summarized the current literature on TBI care 4 and 
of data available to evidence-based n,n,tf\""f\I", of 
severe TBI. thresholds to treat Hb 
the foundation TBI care, are not established in children. In most 
clinical studies that address TBI include few and so differences in 
variables often are indiscernible. In the treatment of ICP 2: 7n'Ylrr,l-ln 
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was recommended as an and a 
as an 
below the fifth 
was recommended 7,8 
for age or of 
for cpp for CPP 
resuscitation was defined as SBP 
IVlJCJAla was defined as Pa02 
3 the definition of is 273 
recent studies increased Pbt02 and cerebral metabolism with normobaric 
in adults have stirred debate about what in 
TBI 236, 263, 290, 373 Conservative thresholds for blood 
critical care with recent trends T<l"nnrlr1 
of these criteria for 
been associated with variable 
threshold was selected for 
for cerebral ischaemia and the 
chosen for in this 
adults 194, 
because TBI 
for this group 
288 The 
Hb has 
A less restrictive 
be at risk 
The treatment 
were based on reasonable thresholds for these 
from the current literature there insufficient data to a standard for each 
3,7,8 
These results demonstrate that low Pbt02 was 
<lUt~4U<llC resuscitation and critical care 
of with 
treatment were met. In 
common what appears to be 
",pronerllon to current TBI 
did not ",,,r",,,,Y,,,,n any eplSO(leS of Pbt02 < 20 
almost one third had one or more ePISO(leS of 
Pbt02 1 This is consistent with observations in adults the hours of 
resuscitation after TBI 351 These data also the results of PET studies which showed 
ischaemia in head CPP and ICP control 74, and nn'~t_'Ylnrt""m 
brain examinations 128 whether low Pbt02 benefits the with 
severe TBI still needs to be determined, 
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On the basis of these and other data that show a incidence of brain 
treatment reference to current it appears reasonable to 
argue that other measures of brain or metabolism are needed in an to nnltimic:", 
treatment of children with severe TBI. What also will need is whether correction of t'nlrn .... rn' ...... i"·or! 
or in any of the other modalities has any deleterious effects. 
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14 
in a 
Insu 
In oaj9d1atrlc trauma admission clinical assessment and clinical can be used to 
treatment rot()COIS and to outcome 50. In these various 
GCS ,Paediatric Trauma Score 365, Paediatric Index of 
brain CT classification 223 are associated with the 
outcome after severe TBI is affected also 
of the 
cerebral that evolves 
e.g. the 
390 and 
the 
after the initial insult Common C""'""Ar ..... cerebral insults in TBI that are associated with 
adverse outcomes include elevated and brain 
334 These and other while U'UClUIC. are common 
and may contribute to death in as much as 42% of children who die after admission for head 328 
The outcome and the various or used to 
trauma is well described. the between these 
of and the likelihood of insults is less well-defined. 
This examines the between acute measures of "";;1\/;:;:",,,, on admission and the 
cerebral insults after ICU admission in children with severe 
TBI. 
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Clinical and 
included in this 
data were obtained as described 
underwent continuous ICP> CPP and Pbt02 
Patients were 
and initial 
was classified ':>f'l'f"rlln 
Paediatric Index of 
Each of these 
motor of the Paediatric Trauma Score 
and the Marshall CT classification of head 
had to be recorded for an individual to be included in the 
The details of these are 8. also was used in this to 
risk since age may influence outcome. 
Abnormal values for Pa02 and were examined for association 
with each of the above clinical scores. Treatment factors were also 
The individual acute clinical scores and head CT classification recorded in each were 
evaluated as 
variables. 
and 
with 
evaluates 
The Pearson 
variables and 
correlation coefficients were used to determine 
variables. For scores, the Pearson's 
as 
between scores 
was used for relations 
variables and Kruskal-Wallis for continuous variables. The Kruskal-Wallis test 
between 2 medians while the in the covariates. 
was used to test the distribution of """'an,,,n<><, within the individual 
scores. Scores that were in univariate were entered into a multivariate 
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model. Significance was set at p=0 .05. Data are reported as means ± SO or medians (interquartile 
range and/or range). 
Results 
Clinical Characteristics 
Fifty-two paediatric patients with severe TBI who were monitored for ICP, CPP and Pbt02 between 
June 2006 and May 2008 were included in the study. Clinical, demographic, physiological and 
treatment variables for these patients have been summarised previously in Chapter 10. 
Univariate Analysis 
GCS: Postresuscitation GCS was significantly associated with lowest CPP (p=0 .004), CPP<40 
(p=0.017), CPP<50 (p=0 .019) , Pbt02<5 (p=0.008) [Fig .1], and Pbt02<10 (p=0.045). There were no 
associations with any other physiological or treatment variables, including the indices of elevated ICP. 
25 
20 
15 - 01 
Hours 
10 - Min 
... Median 
5 __ .-o.-
J 
""F' = 
I , I 
Max 
o 
- 03 
3 to 4 5 to 6 7 to 8 
GCS 
Figure 1: Box-and-Whisker plot for initial GCS and episodes of Pbt02<5mmHg. GCS is 
grouped in 3 categories: 3-4 (n=14), 5-6 (n=22) and 7-8 (n=16), with the respective frequencies of 
episodes of Pbt02<5mmHg shown for each. 
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" ..... ,,,,,,.\'1" of the GCS: The motor response of the GCS had no Motor 
variables when 
examined 
relation with any 
when the data were with the n""'~rrr\<>n'", correlation coefficient 
Pbt02<10 
the Kruskal-Wallis test a 
was observed. 
PIM 2: The PIM 2 score was associated with CPP<40 
). 
with Pbt02<5 
m1CP>20 
and 
and 
PTS: The PTS had a weak with a but not with any other variables. 
1""'~I"TI,vn'v on admission: ra'-lit"TI\JlT\I was associated with lowest CPP 
and a ). 
CT classification: Individual to admission head CT scan 
with m1CP>20 and lowest CPP 
DCH also was associated with individual Marshall "",;'an.".;"", 
the various CT ,,""al'l,"""'" were dichotomised to 1+11 and 
were observed: lowest CPP CPP<50 
CPP<40 
demonstrated 
and 
When 
associations 
and 
The of within the 
different: most ",,,,tiont,,, demonstrated II and III 
of the classification was 
on the initial head CT of 52 
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60 "'i"" 
50 1- = I:;D 
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mmHg 40 
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= 
30 = Median 
20 
10 
I 
1= I = I 
..I.. 
==- 1 
=Max 
- 03 
0 i i I 
1+11 III+IV 1+11 III+IV 
Lowest CPP mlCP 24 
Figure 2: Box-and-Whisker plot CT classification with Lowest CPP and m1CP24 . Relationship 
between CT classification (only diffuse injury 1+11 compared with III+IV, n=50) and lowest CPP and 
mean ICP for the first 24 hours (mICP24 ). Evacuated mass lesion patients excluded (n=2). 
Age: Age was significantly associated with: lowest CPP (p=O.007), CPP<40 (p=O.001), and CPP<50 
(p=O.002) but with no other variables. 
Treatment variables: Head CT classification was significantly associated with DCH (p=O.015) (more 
patients with Diffuse Injury 3 and 4 received DCH). Pupil reactivity demonstrated a trend towards a 
significant association with DCH (p=O.056) and thiopentone (p=O.073). No other scores demonstrated 
any other associations with treatment variables. 
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Variables found to be t'f"<>ntll\1 associated with cerebral insults were entered into 
multivariate 
m1CP>20 
lowest CPP 
These results are summarised in Table 1. The PIM 2 score was with 
), and CPP<40 ). Initial GCS was associated with 
and Pbt02<5 was associated with lowest Pbt02 
and had a trend towards an association with lowest CPP CPP<40 
and Pbt02<10 
and CPP<50 
was associated with lowest CPP ), 
). There were no scores that had associations 
and No associations 
Pbt02<5 
CPP<40 
with 
between CT or motor f"nrYln, ... no of the GCS and any of the measured variables 
were found in multivariate 
treatment variables in multivariate 
There were no between scores and 
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Table 1: Multivariate of Clinical and ""'Plrn.~n .. 
The associations between scores and 
are shown. Asterisks 
ICP 
CPP 
ICP>20 
m1CP>20 
mlCP24 
Lowest CPP 
CPP<40 
CPP<50 
Pa02<60 
Lowest Pa02 
measures with 
results. 
Predictive score 
None 
PIM2 
PIM2 
None 
None 
Initial GCS 
PIM 2 
None 
None 
None 
)[1 
or trends 
* 
* 
* 
* 
7.1] * 
* 
67 to 
to -1.1] * 
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Pbt02 
Lowest Pbt02 
Pbt02<5 
Pbt02<10 
Confidence Interval 
Initial GCS 
to 
to 
to 1 
* 
* 
IfT\J_nA.fn children with severe TBI were studied to examine the between acute scores of 
age, and 
Pbt02 and 
had a consistent rol·:.t"\nC 
PIM 2, 
in 
and 
elevated 
were that none of the 
and the of the association 
with 
results 
measures of C""'(WII' 
that while acute 
cerebral insults no,,,,,,,on the different scores. These 
outcome may not 
whether a will cerebral insults after severe TBI. 
GCS: The between GCS and outcome after TBI is well described 
Since sedation in the acute may influence two nnrl,::>n·l<::. of the 
and verbal the motor rrI .... " .. n,ont of the GCS is often to a 
r""r'i"\rt""l'1 that a more reliable assessment. In a series of severe TBI, 
threshold GCS of 5 or less was associated with and poor outcome. In our 
demonstrated an association with different measures of CPP and Pbt02. !-in'AlCHOr 
initial GCS 
GCS was not 
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associated with various measures of elevated ICP, the motor of the GCS 
had no consistent with cerebral insults, 
PTS: The PTS is a combined trauma and score 1"101./0"-''''<:'1"1 to outcome in 
trauma 
associated with increased 
Its use has been in TBI 99, 130 and PTS<3 is 
used in the assessment of 
trauma in this to correlate with any of the variables known 
to be associated with "'<::>"Ar,t1 insults. 
PIM 2: PIM 2 is 
variables and 
on admission to the ICU. It is easier to use than PRISM III which has 7 
not on admission but the first 24 hours in the ICU 
not "'''''''('11',1'''' for the evaluation of trauma non,an,,,, PIM 2 has been to 
have a close with outcome in paled Iatric head 130 
associated with several indices of elevated ICP, Mo'we'ver we did not 
observed that PIM 2 was 
an association between 
PIM 2 and eOiSOCles of (,A,nn,'Arr .. ,,,,,,,; Pbt02 or c"",rern 
reaction is associated with outcome after TBI 224, 390, In this 
was associated with Pbt02 and CPP but not with elevated ICP. 
CT classification: There are several classification that 
used 
to relate the initial CT head 
scan to outcome 66, 274,367. The most (,A,nrr,An is that Marshall 
et al 223. In this we observed that the Marshall was associated with some indices of 
the association of cisterns and midline shift 
with ICP, III and IV were associated with DCH in univariate which 
reflects both its association with elevated ICP and the to n<::>r"tnrrn DCH in the of 
obliterated cisterns and ICP. we did not observe an association between the Marshall 
and Pbt02 and with CPP<50 in univariate 
In the age was related to all indices of cpp, This may reflect the lower 
thresholds in younger children or the 
age. 
to CPP values with 
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A number of ph'fSic)loClica 
There were also no 
measures had no <>t",n",I"H"''''' with acute assessment scores 1 ). 
treatment CT classification with DCH 
There are a number of limitations to this the size is small. It is 
that with a more consistent rpr!'1tlrm between the various scores and 
variables may have been seen. the was limited to who 
received CPP and Pbt02 Often ICP and CPP or BP are evaluated as 
may occur even when ICP and CPP are or even 
normal 13), so the addition of Pbt02 as an indicator of can 
detect of that may be otherwise undetected. some but not all 
scores used to were examined. For the scores were not 
obtained: Head Abbreviated PRISM III, and Relative 
Head Score. Instead the scores chosen for the are used in 
trauma units and ICUs. the insults we evaluated did not include or 
have seizures or the insults chosen for 
been rArl,,,1rAi1 and each is known to be associated with adverse outcome after TBI. 
it cannot be excluded that 
did not confound these results. 
identification and treatment of insults 
of 
clinical scores, Similar treatment was delivered to all 
were 
scores and the 
cohort of 
1 if there were 
of these would 
was not directed 
insults in this series 
associations between the risk 
have been demonstrated in this 
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Acute assessment scores that describe the sustained children with severe TBI have 
a variable with markers of cerebral after admission to the 
PICU. 
cerebral 
there were associations between individual scores and select measures of ",,;;,,'rm,(1 
none of the scores evaluated 
Based on these used to 
initial treatment appear to have a limited value in 
insults. Therefore clinicians should remain 
who with head trauma. 
each and every 
who is at risk for <:!e/'nr,t1 
for the ne\"ell"1,nlTl of <:!Q,'nr,t1 
insult. 
cerebral 
insults in all 
1 1 
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15 
on 
the 1""::""01",,,1 between ICP and Pbt02 is variable when data from all are 
elevated ICP may have 
situation that may reveal this 
on Pbt02 in individual One such 
is elevated ICP DCH. Because this is 
no."tl"w'rnc.£i for ICP to medical tho,r""H/ ICP is elevated 
There has been renewed interest in DCH for the treatment of elevated ICP in TBI. 
studies have been in adults 48, there are few .OY,Ar!c limited to 
rOY'Artc are 
described in adult 
small studies 3D, 110, 111, 
163,291,349 
This examines the ICP and Pbt02 
DCH for elevated ICP to medical 
304, 360 in Pbt02 after DCH have 
in children with traumatic brain 
DCH. 
many 
and these 
been 
after 
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Data for consecutive less than 15 years old who underwent 
TBI at Red Cross Childrens between June 2006 and 2008 were collected. 
for diffuse was where mass lesions were 
removed were excluded. Data were extracted for ICP and Pbt02 before and after the 
patients were treated for ICP and Pbt02 as previously described. 
MAP and Pbt02 for the 4 hour before 
for 
All 
the 4 hour 
were made between values for 
after DCH and the 24 hour after DCH. cases in which the Pbt02 
catheter remained in the same location were Pbt02 data were excluded if a new Pbt02 
catheter positioned surgery. Data are presented as means ± standard deviation or 
median and IQR. Differences were defined as if p < 0.05. The 
Wilcoxon test was used to compare pre- and Outcome was 
assessed with the GOS. 
Seven patients underwent DCH for diffuse swelling this 
excluded from because a new Pbt02 had been 
Pbt02 data from 1 
in a different location 
were 
the 
One other was not considered because DCH had been nOI"tnr'l"Y"Ie,rI for removal of 
and intracerebral haematomas. ICP data for 7 and Pbt02 data for 6 
were Mean age was 7 ± 4.6 years old. Median GCS before DCH was 5 4 to 
At the time of a unilateral unreactive was documented in 2 and 
unreactive in 2. In all elevated ICP was to conventional medical 
management before DCH. In 3 thiopentone was used before DCH. 
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ICP before and after DCH (n=7): Baseline ICP (average of 4 hours before craniectomy) was 42 ± 
15mmHg compared with 14 ± 7mmHg immediately after DCH (first 4 hours, p<O.0001) and 15 ± 
6mmHg for the 24 hour period after DCH (p<O.0001) (Table 1 and Figure 1). There was no significant 
difference between ICP in the 4 hours after craniectomy and the 24 hour period after DCH (p=O.61) . 
No patients required thiopentone therapy after surgery. 
ICP before and after craniectomy 
90 
SO 
70 
60 t-
50 ql 
mmHg 40 
30 
20 
10 
0 
d =j T 
T I 
-- I = I I = I 
I .J. 1 I I 
-min 
-mcd 
-max 
q3 
baseline ICP ICP 4hrs post ICP 24 hrs post 
Time periods 
Figure 1: Box-and-Whisker plot demonstrating ICP before and after DCH. ICP values for (as 
medians, interquartile range [q1, q3], minimum and maximum) for 4 hours before craniectomy (first 
column: Baseline ICP) compared with ICP immediately after craniectomy (second column: ICP 4 hrs 
post) and over the 24 hour period after DCH (third column: ICP 24 hrs post). 1\1=7 patients. 
Pbt02 before and after DCH (n=6): Episodes of Pbt02 < 10mmHg occurred in 4 of these patients in 
the 4 hours before DCH . For each of these 4 patients mean Pbt02 before craniectomy was < 
20mmHg (mean for 4 patients, 11 ± 7mmHg). In 2 patients mean Pbt02 before DCH was >20mmHg 
(23±4mmHg and 39 ± 2mmHg). For all 6 patients, mean baseline Pbt02 was 18.7 ± 12.8mmHg 
compared with 33.3 ± 17mmHg (p=O.038) in the first 4 hours after DCH and 42.8 ± 15.4mmHg 
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(p=O .027) for the whole 24 hour postoperative period (Table 1 and Figure 2). For the 2 patients whose 
mean baseline Pbt02 was >20mmHg, Pbt02 in the first 4 hours after surgery was slightly lower 
(2S±11 mmHg) than at baseline (31 ± 9mmHg) but then recovered to values slightly higher than 
baseline (37 ± 18mmHg in the 24 hour postoperative period). When only patients with low Pbt02 
before surgery were considered (n=4), baseline Pbt02 was 11±7mmHg compared with 
37.7±19mmHg for 4 hours after DCH and 4S.7±13 for 24 hours after DCH (p<O .0001). MAP before 
surgery was 91 ± 13 mmHg and 78 ± 11 mmHg for the 24 hour period after craniectomy. 
Corresponding Fi02 was 73 ± 21 and 48 ± 6. 
Pbt02 before and after craniectomy 
100 
90 ~i'" 
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=Gl I I 1 
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Time periods 
Figure 2: Box-and-whisker plot demonstrating Pbt02 before and after DCH. Pbt02 values (as 
medians, interquartile range (q1, q3), minimum and maximum) for 4 hours before craniectomy (first 
column : Baseline Pbt02) compared with Pbt02 immediately after craniectomy (second column: 
Pbt02 4 hours post) and over the 24 hour period after craniectomy (third column: Pbt02 - 24 hrs 
post). N=6 patients. 
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1: 4 4 
Baseline 4 hours after 24 hours after 
ICP (7 42 ± 15 14 ± 7* 15 <0.0001* /<0.0001 
Pbt02 18.7±12.8 33.3±17* 42.8±1 0.038* / 
Data are means ± standard deviation. 
Mean time of was 12 ± months 6-21). Outcome was favourable in 4 and 
unfavourable in 3 There were no survivors and no all survivors 
were h""~n""rI home. One had a shunt for 
This old was a n<>"<>,,,rn involved in a MVA in which he sustained an isolated head 
He was intubated at the scene, which he was to the emergency room of the 
where 1.5 hours after his GCS was 4T/15 hnr>rrrle:>1 flexion motor 
His BP was 110/63 and his Hb was 10.1 He had no other from 
his Pa02! Fi02 ratio was 19 kPal 0.3. Head CT revealed features of a diffuse axonal 
with some effacement of the basal cisterns 3 Pbt02 and rcp catheters were in 
the left frontal lobe for in the ICU. Head CT obtained after the monitors were 
confirmed that the catheters were located and not in an area of 
Moderate ICP elevation up to in the initial 
measures, sedation 
Initial Pbt02 were within an 
was treated 
and 
range than 20 
with medical 
saline 
At 20 
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hours post-injury however, ICP progressively increased despite medical treatment including increased 
sedation, mannitol, hypertonic saline, and BP optimisation. Barbiturate therapy was not commenced 
due to the labile nature of his BP. Pbt02 readings remained stable during the early phase of ICP 
elevation but decreased steadily thereafter. Since he had failed medical treatment of increased ICP 
and there was progressive Pbt02-compromise, the patient was taken to the operating room for a DCH 
24 hours after his injury and 3 hours after his ICP first increased . The course of ICP and Pbt02 
readings before surgery is shown in Fig 4. 
Figure 3: a+b, CT head of the patient before surgery; c+d, CT head of the patient after 
DCH. 
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6 543 2 1 0 
Hours prior to DC 
4: 
A ICP and Pbt02 from the contralateral 
were thus available. In the before ICP was 
45 and Pbt02 was with an Fi02 of 60% Fi02 of 31 kPal 0.6. His 
BP and Hb were 4.1 1201 85 and 12.2 The Fi02 (1 and MAP 
(1 were increased. this increased the Pbt02 to 16 still 
When the bone was removed the Pbt02 increased over the next 3-4 
minutes to 26 On further increased to 34 The dura 
was closed At the end of the t'r"'nlOf'tnrn 
and Pbt02 was The MAP was 67 and Pa02 a 
Fi02 of was The ntr~'r.n,or",·h"o Pbt02 data is shown in 5. 
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Figure 5: Graph showing the time course of Pbt02 changes during surgery 
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Figure 6: Time course of ICP (above) and Pbt02 (below) before and after decompressive 
craniectomy (surgery at 0 point) 
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The immediate course is shown in 5. was continued 72 hours after 
surgery, 
brain 
which time ICP remained and there were no eplSOCles of 
Over the 72 hours mean ICP was 10.9 
4-1 and mean Pbt02 was 53.3 22.0 - 86.1). The Pbt02 
in the upper range than 40 
third oO!no[)enauv'e may have 
oedema were seen in the craniectomised 
Ventilation was continued for 7 after surgery in 
No 
on the second and 
or increased 
head CT scan 3 
because of a tract infection. 
The ~.,,~~ •. ~ bone CIJ'O,,",l;;;U 3 months after surgery. At last was 
deficits and 
(14 months after 
deficits remained which he had no some 
This short examines the ICP and Pbt02 after DCH in children with severe TBI. The 
main were that ICP decreased hcto:.n;ri<>lil" after DCH and that this was an 
immediate and sustained increase in Pbt02 when the Pbt02 was low. 
after DCH on the baseline Pbt02 before DCH. 
For the 2 in whom Pbt02 was before surgery, Pbt02 was 
after surgery but recovered so that mean Pbt02 for the 24 hour was 
lower 
than 
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before surgery. Elevated ICP in these before DCH may have been on the basis of 
hyperaemia; however, TCD studies had not been 
Pbt02 was (YHnnlrnn1,c:e'l1 
These 
had 
had also 
of critical 
< 20 
a Fi02 to 
with Pbt02<10 
during this 
to DCH in 4 of 6 whose Pbt02 were 
brain Each of these 
There was an immediate and 
in Pbt02 in these 
The immediate 
after DCH. This increase was and allowed a reduction of 
Fi02 minutes of bone removal and 
the case illustration. 
ICP was 
surgery. 
reduced by DCH and was sustained. No 
are in 
further after 
This demonstrates the ICP and Pbt02 after lar"'1"\rYH' in children with 
raised ICP. ICP was the most likely factor compromising Pbt02 before 
immediate after surgery in patients with low Pbt02. 
data may not reveal a relationship between ICP and elevated ICP may 
and reduction of for with is associated with changes in Pbt02. 
the 
analysis of all 
Pbt02 
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16 
in h 
Anemia in ill is common. 3 after admission to an up to 95% of 
are anemic 7S. 
53% in adult in 
For who remain in the ICU for 
from 14-50% in ICUs and 20-
and differences in case-mix 21.402,403. 
than a week after severe brain up to 85% 
receive RBCT 78. The purpose of RBCT is to increase the nY\I"""n_r':::I 
blood the Hb concentration with the ultimate tissue nY111"~'n~.tinin 
humans the critical Hb threshold below which oxygen decreases is 
In 
but 
it is below 5 177 adults are able to increase their cardiac index to ('nrn(l.o.n<':::1 
for a reduced Hb concentration as low as 5 after isovolemic hemodilution 410. This cardiovascular 
reserve, nn\,.,,,,\,,,,, may be in who so 
can be increased in these when Hb is less than 6 the 
remains debated 177 because it to elucidated how to balance the 
risks of anemia 
severe brain 
the known risks of transfusion individual and in those with 
In recent years evidence from several clinical studies 295. has resulted in a shift 
in transfusion in ICUs. awareness of hazards of RBCT has resulted in a 
more conservative to the use of RBCT. A recent review found that in the 
of studies the risks of RBCT the benefits. From RBCT 
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was an 
alternative 
risk factor for increased risk of 
with Odd's ratios of 1 
that have an oxygen 
nosocomial infection and acute 
1.8 and 2.5 217. Others have 
to avoid the risks of RBCT 215, 
298 a restrictive transfusion when Hb is less than is in common use 
and recommended for children and adults in the ICU 139, 183. this threshold may not be 
for all Patients with acute cardiac for appear to benefit from a 
with severe TBI may have different transfusion 
232 because they are at risk of "PI~nrln cerebral ischaemia. This is supported by 
evidence that acute hemodilutional anemia 
contusion volume and exacerbates poor outcome in 
brain increases 
the increase in 
CBF associated with 137. Acute anemia also decreases Pbt02 
216. RBCT may increase Pbt02 in some adult patients after brain injury but a 
effect of RBCT on Pbt02 is not inevitable 194, 338. The reasons for this are unclear. Furthermore, the 
effect of RBCT on Pbt02 in children with TBI has not been studied. the purpose of this 
was to examine the influence of RBCT on Pbt02 in hemodynamically stable children with 
severe TBI. 
Clinical and 
and March 
data were obtained for children admitted with severe TBI between June 2006 
who received and Pbt02 and a RBCT. 
Patients who received RBCT and Pbt02 monitoring were included in the if: 1) > 18 hours had 
I..ICI,.",,,,,U since the time of injury, > 12 hours had since the was 
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and no or vasoactive were in use, 
was not in the 6 hours before and 4 hours after Fi02 was altered less than 
1 and 
stable Pbt02 
a 4-hour before and after there was no active 
had been obtained for at least 4 hours before the Pbt02 
catheter had been inserted into tissue that normal on CT head scan, and no other RBCT 
had been in the 48 hours (a second in a was included for 
if it was > 48 hours after the 
The decision to transfuse n<:>t.ontc was made the from the 
purposes of this 
a Hb of < 
In RBCTwas stable with 
but the transfusion for individual varied based on their clinical 
condition. The Hb concentration was checked within 6 hours of all RBCTs All were 
transfused with RBCs der:lletE~d of their coat. The additive solution contained 
adenine and r"Tr"'T",_nn 
For each RBCT 
before and after 
of a 
the Tr'''''''''lnl'l data were collected: volume of blood Hb concentration 
and age of transfused blood. Since the effect of RBCT varies 
for the volume was as 
area data recorded included time-linked variables for 
Fi02 for the 4-hour no'· ... .".lc before and after and 24 hours after RBCT. 
and 
surface 
CPP and 
Values for Pbt02 before and after RBCT were as 3 different time-based variables. 
Pbt02 in the hour before RBCT was with Pbt02 in the first hour after RBCT 
and all Pbt02 values for the 4-hour before RBCT were 
Pbt02 values for the 4-hour after RBCT before and 
,.,.,,,.rli<>tol,, before RBCT were with Pbt02 24 hours later ' ..... ".belcf{e and 
rnn<:>.c,n with 
Pbt02 values 
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CPP and Fi02 values were also documented at each of these time The in each 
variable after RBCT for each of these variables are r.nr,r;""'nrl as and ilFi02 for each of 
the time 
were considered 
e.g. 
whereas 
..... ,,-,,,-,,,,,. and 
""'-.n: ... ?4hrs was considered a late 
Variables were tested for with the test. Paired t-tests and 
variables before and after 
Wilcoxon tests 
were used to examine differences in 
linear was then used to examine the effects of nn"c,r"",., and transfusion 
variables on the difference between values before and after RBCT. Covariates in this model 
included initial 
ilCPP and ilFi02. 
in 
a 
duration of blood of 
model was constructed covariates that were 
in the univariate model. A mixed effects rt:><;!<;!.n,n model was used to test differences 
between and controls in baseline variables and in controlled for ilCPP and ilFi02. 
Results are 
March 2008. 
were excluded from 
or 
RBCT was started 
surgery was 
evaluated. 
as mean ± SO range and where 
correlation coefficients are was set at p < 0.05. 
with severe TBI underwent Pbt02 between June 2006 and 
received a RBCT. Nineteen of the transfused "",',nn'" 
for the reasons: 1) the was unstable 
were made to Fi02 the Pbt02 catheter was inserted <4 hours before 
transfusion was started before Pbt02 catheters were 
the ). This left 19 RBCTs in 17 
and transfusion variables are listed in Table 1. 
or 
that were 
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1 : 7 
19 
of 5A ± 3.4 yrs 
Time of RBCT and 2 (1 [1 
Initial GCS 5±1 
Iisolated TBI B/9 
Initial Hb BA ± 0.8 
VollBSA 312.1 ± 83.8 mls/m2 (1 
blood and 11 
Hb after RBCT 2.8 ± 1.1 
Time of time after that RBCT was administered; VoIiBSA, volume surface area; of 
duration of RBC range. Data are "'''rl,r",,,,,,,,,,rI as means ± SO 
where """,,..iti,~rl 
variables for transfused are summarised in Table 2. Baseline values for The main 
the 4-hour before RBCT were: Pbt02 2B.7±6.8 CPP 64±15 
for 12 
and Fi02 47±13%. 
20-25 Mean baseline Pbt02 before RBCT was 
for 6, and for 1. 
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in 
29.9±8.4 (1 35.6±11.9 (1 0.022* 
2S.7±6.S (1 33.8±11.2 (1 0.001S* 
29.9±8.4 (1 31.6±8.7 (1 0.433 
65±17 70±14 -104) 0.053 
64±15 (37-109) 70±13 (47-113) 0.021* 
65±17 (3S-109) 6S±15 (47-96) 0.163 
47±13 (30-S5) 47±12 (30-S0) 0.725 
47±13 (30-90) 47±14 (30-95) 0.474 
47±13 (30-85) 46±15 (30-8S) 0.454 
Means for absolute and were 5±6 mmHg, 9±10 mmHg, and 0±3% 
after increased from baseline after 79% 5, mean of transfusions 
and decreased after 21 % mean Overall, both ) and 
after increased after RBCT raw difference was 5.13mmHg for 4 hours 
after with 4 hours after was also increased RBCT 
and there was a trend to for Fi02 before and after RBCT 
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were not however ~Fi02 had a with in univariate 
but not with is remained after for 
Fi02 
Leal-Noval et al 194 roroon"H that the maximum increment in Pbt02 after RBCT was at 3 
therefore the effect of RBCT on was further 1 ). 
Cerebral pressure: There between the 
and initial Hb 
when these variables were controlled for 
was the absolute difference in 
Baseline Hb: For n""flonfc with an initial Hb ~ 
~ was 8.5 ± 7.6 and 3.6 ± 4.8 
12.1 ± 11.3 versus 6,4 ± 
VollBSA versus 303 ± 73 were also 
Baseline Pbt02: baseline value  of Pbt02 were associated with a 
and both 
remained 
When 
with initial Hb > 
and 
in lower Hb group. 
increase in 
Pbt02 Y'I<::!f.ontc with lower baseline correlation between baseline mean 
""'-"'-M>,. before and was a between baseline 
a definitive conclusion cannot be made based on the confidence interval 
then 
and 
-0.203-
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of transfused blood: Duration of blood did not have a consistent rol,:lfIrm with 
that 
received blood '''l'''",r.'f 
the m:::>,nnt\l of 
c:tnr:::>",o did not have an adverse effect. Hn' .. "'''"...,, 
,.,:::>t,ont<:: also tended to have In 
old. Patients rO("O'Htnrl older blood stored 
in Pbt02 the 4 whose tended to have 
t"Pbt02 was also tended to receive older blood Table 
of ............ ""' .... absolute and relative in Pbt02: The relative increase of 
from was 17±21% -4 to and was 
increased from baseline values demonstrated similar results relative 
and absolute that t"CPP and initial Hb influenced 
t"Pbt02. the t'n<>nno in Pbt02 remained mti"<:1,'">t when these were considered 
of 
5 and 
with 
t"Pbt02 and 
When 
This U';;",V\J'U 
covariates from univariate were 
was lost when other variables 
were introduced into the model 
9, No variables had ""n'~.~",,,, CPP or 
Fi02 values at 24 hours after RBCT values were 
We did not similar. The mean 
find any 
of 
increased 
factors were 
VollBSA 
was 1 confidence interval 
for Hrs· 
whose Pbt02 increased or decreased after RBCT: When with 
were 
ro",no,r-t to baseline values 
mn:::>re:,rl with those with decreased 
was 
which may reflect intervention to increase Pbt02 in these Other 
with increased Pbt02 tended to have increases in 
baseline and lower initial Hb. the number of 
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where Pbt02 decreased was small (n=4) it difficult to conclude whether these 
differences are real or not. 
are 
control 
control 
4hrs Hrs, n=1 
Hrs, Values 
as median range). 
Hrs Hrs 
4hrs before 1 ) 
Hrs 
Hrs 
0.111 
(1 2 (1 1 
1 ) 8.4 
(1 1 0.1 
12 (11-1 6 
of transfused and non-transfused To examine the influence of 
change of Pbt02 with time after injury we matched transfused with 
with severe TBI who did not receive RBCT but received Pbt02 monitoring. Two 
were matched to each transfusion in a age and the time after 
131 
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of the transfusion, Inclusion criteria for both RBCT and control were the same and the 
same data obtained the same time nOI'lnrl'" after were collected both 
groups, One could not be matched for time of transfusion received 14 
after and control 
difference in initial Hb between 
after values but .6.Fi02 was similar 
controls for 
increased in 
in 
was not 
Hr 
of transfused 
of transfused 
between 
appear well-matched There was a 
and controls, were also differences in Fi02 before and 
differences between 
but no difference in 
of controls. At 24 hours after 
of controls. In covariate 
and controls when controlled 
and 
Pbt02 had 
H,s 
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litf,:::.r.:.nr,oc in cases 
p 
0.023 0.89 -0.32 0.37 
Time -0.34 0.79 -2.95 2.26 
Hb Initial -2.02 <0.0001* -2.54 -1.49 
4hrs before -3.71 0.12 -8.48 1.07 
Pbt02 4hrs after 0.40 0.90 -5.91 6.72 
CPP 4hrs before -1.98 0.52 -8.23 4.27 
C P P 4hrs after 3.85 0.24 -2.65 10.35 
Fi02 4hrs before 7.67 0.01* 1.95 13.39 
Fi02 4hrs after 8.35 0.01* 2.25 14.45 
Pbt02 24hrs after -2.58 0.39 -8.61 3.44 
CPP 24hrs after 3.28 0.33 -3.43 10.00 
Fi02 24hrs after 5.99 0.13 -1.81 13.80 
APbt02 4hrs 4.11 0.025* 0.55 7.67 
ACPP 4hrs 5.80 0.012* 1.37 10.23 
AFi02 4hrs 0.68 0.28 -0.58 1.95 
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This examined the influence of RBCT on Pbt02 in children with severe TBI The main 
were that: 1) Pbt02 increased in the after RBCT the first hour and over 
the first 4 with baseline This was lost 
24 hours after transfusion. The results were similar when absolute or relative in Pbt02 were 
When transfused and non-transfused 
differences for the in Pbt02 were observed in the 1 and 4-hour but not at 24 
The of the in Pbt02 had a consistent 
The absolute differences in Pbt02 after RBCT were small difference 5.1 
when L'lCPP was controlled for 
In summary, Pbt02 I'h,,,nr10C were influenced the '=>I'r'n",n", were 
and initial confined to the 
Hb was lower. 
There are a number of 
results should be 
of and 
after and were 
limitations to this 
fluctuations of CPP 
the of these variables we controlled for 
and examined Pbt02 
remain 
over time 
that 
when baseline Pbt02 was 
the size is therefore these 
were made the time 
both can influence Pbt02. To reduce 
had strict criteria 
to matched non-transfused controls. 
or minor It 
ventilator that were not controlled for could have influenced the results. 
of Pbt02 over time after have influenced the results. We therefore 
excluded RBCT within 18 hours of few were less than one year 
which is true in most head these results best to children 
between the ages of 1 and 15 years. levels in the RBC were not 
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therefore no direct comment can be made on the effect of reduced 
L";.Pbt02. it is well known that declines 
levels in 
with 
concentrations on 
and it is almost 
eOleIE!O at 3 weeks 409. of volunteers occurs within 24 to 48 
hours after RBCT and is most within the first 4-8 hours 116; therefore we measured both 
and late (24 hours) effects of RBCT on Pbt02 in this most in this 
had baseline Pbt02 
oxygen-su pply 
than 20mmHg. These results therefore may not to children with 
or reduced cerebrovascular reserve. we did not examine the 
relative risks and benefits of RBCT or its impact on outcome but chose rather to focus on its effect on 
brain tissue 
The of how RBCT influences Pbt02 in TBI has not been studied. In 
2 centres have addressed this in adults and these include both TBI and subarachnoid 
192,194,338. There are some differences between these studies and the one. 
the cohort in this is restricted to TBI. the inclusion criteria for this 
were strict to limit the influence of other factors on Pbt02. the data 
were further examined matched controls who did not receive RBCT to examine whether time 
influenced the data were over 4-hour 
before and after RBCT to allow for in Pbt02 in both time 
Smith et al 338 evaluated Pbt02 after RBCT in adults with TBI and subarachnoid and 
found that Pbt02 increased in 74% of Only the mean increase in Hb and haematocrit were 
associated with the change in Pbt02 after RBCT. Leal-Naval and 194 
transfusion Pbt02 with a 
78.3% of adult with TBI. 
absolute 
baseline 
in Pbt02. The relative 
i.e. RBCT was more 
values and found that Pbt02 increased in 
found no associations between other variables and the 
in had an inverse with 
to increase Pbt02 when initial Pbt02 was lower. The 
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increase in Pbt02 was sustained in 
of those with baseline Pbt02 :2: 1 
of with baseline Pbt02 < 1 but in 
at 24 hours after RBCT. In a "U'J"<::;~U from this 
and also observed an inverse between duration of 19 
increase in Pbt02. In the the of in whom increased Pbt02 
RBCT was similar to the above studies (79%). In this initial CPP and baseline 
Pbt02 were associated with the in Pbt02 in 
a "D.:::n,nn~D to 
Baseline Pbt02 and Hb may be 
and so need evaluation. For 
variables that nrc"'''"'f a response to RBCT 
the ';:)UIUI'GlA;:) 
with RBCT 124.218. 
. In 
i.e. RBCT may 
conditions 1 
some studies demonstrate no in tissue 
this may be associated with a lack of an debt' in 
i"YIr"1,r""",rl tissue !")v""",n",I",!")n when used in demonstrate 
. This may in the in Pbt02 we 
observed were small because our exclusion criteria were strict and the likelihood that 
with low Pbt02 received other nlM,P\l~" when we dichotomised the cohort 
into a baseline Pbt02 or less than25 we did not observe a effect of RBCT on a 
low baseline Pbt02. In fact the VUICJV,'''", This may a II error. 
that the of RBCT to in ischaemic tissue is it is also 
because the haematocrit then associated with increased and altered 
flux 358. since Pbt02 in 
the increase in Pbt02 may appear small since these 
have a oxygen extraction fraction. Consistent with 
"""'H""',",' risk for cerebral ischaemia 20ml/1 
demonstrate Pbt02 increases with normobaric 
RBCT effect on Pbt02 when baseline Hb was less than 
on a balance between 02 and 
with a low baseline Pbt02 may 
et al 147 observed that at 
were the least 
there was a 
studies in 
to 
'''hiP''>'' did not observe this 194,338 While it may be use our data to define 
a "threshold" below which RBCT is beneficial in severe TBI, caution must be exercised 
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since the 
and 
size is small and several also a such as volume of blood 
CPP 
Recent studies in cardiac surgery and adult males with TBI that blood than 
14 or 19 old may be deleterious or not alter brain oxygen 179, ,There are 
several reasons "older" transfused blood may be less decreased 
decreased reduced adenosine and nitric increased pro-
and oxygen 'sensor' in the blood 68, 106, 124, 282, The data do not 
allow conclusions to be made about how the age of transfused blood affects Pbt02 since 
the of transfused blood in this was < 14 old 11 and 4 
transfusions were associated with a decrease in Pbt02, Mowever there were effects of RBCT 
on Pbt02 even when blood stored for 19 to 28 was used. It is conceivable that real differences 
may occur when blood is stored for than 28 116 or, may 
tissue in conditions of limited oxygen 282. Other studies have also 
failed to demonstrate any adverse effect of duration of ",u\r<>""" 282,386,387,406. this 
remains unresolved. 
The results of this show that RBCT increases Pbt02 in most children with severe TBL 
The overall is not sustained over time and may result from """"(,\n""'<:> 
in CPP. It was not to determine Pbt02 decreased after some transfusions, 
Further will be needed to examine the effects of RBCT on the transfusion 
and the risk-benefit ratio of RBCT children with TBI. This 
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cerebral ischaemia must be that may increase risk but do not 
confer clear benefit should be used with caution. 
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17 
e in ren 
Pbt02 is influenced the Pbt02 response to increased Pa02 varies 
between The determinants and of the of this Pbt02 response are 
unclear and the benefits of to the are not established as Normobaric 
has been as a for low Pbt02 in TBI, but there is some evidence 
to it may be 
TBI have been 
because the 
the risks of 
it remains controversial. All of the studies of normobaric in 
There are no available data for children. This is 
of childhood TBI differs from that of adults. 
in neonatal resuscitation are well known. this aimed to 
examine the effects of tan(lnr"""MI h',lnc,rrw on Pbt02 in children with severe TBI. 
Children with severe TBI who received a Pbt02 monitor between June 2006 and 2008 were 
Daily tests of the Pbt02 monitor function formed part of the nrn,tnt'nl for Pbt02 included in the 
and were by temporarily increasing the Fi02 setting on the ventilator while 
the Pbt02 response. Data from these Fi02 tests were used in this Test 
results were included in the if the values were recorded: 1) pre- and values 
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and baseline values for Hb and TCD recorded 
a standard from the the Pbt02 monitor. TCD studies were ,,,,,,"'tnr,,,,c.r! 
TCD machine and 2 mHz TCD studies were """"Tnr"rn",,.., 
on the to the intracranial catheters to insonate the MCA a 
The mean FV obtained was recorded. 
Tests were included in the 
monitor in situ for more than 2 
with 
if the 1) was 
had a stable Pbt02 
had a Pbt02 catheter 
had the Pbt02 
did not have vasospasm 
in white 
matter on head CT scan. An arterial was taken the Fi02 increase and 
after 15 minutes at the 
calculated from the 
Fi02 The oxygen content arterial was 
Ca02 02/1 + x 
Differences between and after test 15 minutes at the Fi02 values were 
recorded as APaC02 and ACPP. Fi02 was increased to 1 in most but 
not all Because the baseline Fi02 also between the ratio of the in 
Pbt02 for the in Pa02 was calculated to assess the response of Pbt02 to 
the Pa02. This was termed the oxygen and was used as the 
which other variables were tested for association. Pa02 is in 
ease of 
were the 
in 
with Pbt02. 
tests for in whom Pbt02 catheters were in 
of the To 
in whom catheters had been 
these results we also 
close to contusions on 
examine differences in response based on location of the catheter. To limit 
of the data was restricted to catheters in tissue. 
for 
variable 
and 
white matter 
these to tests 
head CT scan to 
further 
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Variables were tested for with the test. Differences between before test and 
after test values for Pa02 and Pbt02 were examined with the Wilcoxon's rank sum test. The 
between 6Pa02 and 6Pbt02 was examined with correlation and Pearson's 
''''.,lY'It\lY'I,ont correlation, Correlation co-efficients are n:'r,nrrl'ln as r. Linear was used to 
examine the rol,:>"t',n<:!rHn between 6Pbt02 and 6Pa02 and Li.Ca02 while 
Li.CPP. 
was used to account intra- and ,nT£,nrirl 
for and 
differences 
between tests with catheters in nr"'IYH>I_'" brain and those located near contusions for 
baseline values and 6Pbt02/Li.Pa02. Linear rOf1,roc,.:, 
and the variables: baseline 
of 24 1 ). 
with outcome and other indices 
which included Pbt02<10, 
was used to examine the 
baseline 
between 
and 
was further examined for 
low Pbt02 for the whole duration of the 
and lowest Pbt02. 
Li.Pbt02/6Pa02 was also examined with transformation because it was assumed to follow a 
distribution and hence the transformed data follow a normal distribution. 
Results are 
was set at 
as mean ± SD or median and 
A total of 43 tests in 28 ... "',n,,",, were nC'Trmrn for which all 
were 24 who had catheters in 
scans and 4 (8 who had catheters 
range and range, 
data were available, There 
white matter 
close to contusions 
head CT 
Baseline variables for the A are summarized in Table 1. In A, baseline Pbt02 was less 
141 
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than 1 
(1 of 35 
at the time of 
Table 1: Baseline variables for 
Characteristic 
Outcome GOS1 
GOS2 
GOS3 
GOS4 
GOS5 
of 
Baseline Pa02 
on 3 occasions (3 35 
with catheters in 
Value 
5.75 
3 (1 
0(0%) 
4 (1 
7 
10 
2 (1 
(11 
31 
(l 
Results for baseline variables for tests in nl'ltiF'n't!': with catheters in 
24 of of the test 
and less than 10 in 1 
white matter A). 
range or number 
range 9 months to 11 years 
1-8 
7J 
ra 
tests in 
1:::: first 24 
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Pbt02 in normal-appearing tissue and peri-contusional locations 
Patients in Group A and Group B were tested for differences in Pa02, Pbt02, Pbt02/Pa02, 
~Pbt02/~Pa02 , CPP, and FVMcA. There were no significant differences between tests with catheters 
placed in normal-appearing tissue (Group A; n=35 tests, 24 patients) and tests with catheters placed 
close to contusions (Group B; n=8 tests, 4 patients) for Pbt02 (p=0 .08), Pbt02/Pa02 (p=0 .975), 
Pa02 (p=0.069) or baseline CPP (p=0.479). In Group B, the FVMcA was slightly lower (median [lOR] : 
90 [73-96] cm/s versus 103 [90-123] cm/s; p=0.045). ~Pbt02/~Pa02 was also slightly higher in Group 
B (median [lOR]: 27.9% [21 .9-32 .5] versus 14.3% [7.6-22.7]; p=0.049) but not when controlled for 
baseline Pbt02/Pa02 (p=0.055) . These are represented in Figure 1. The remaining results for further 
analysis below apply to patients in Group A only. 
TeD FV 
o 
... 
o 
N 
o 
o 
o 
co 
o 
CD '--_-=-::;::-~ ___ ___,------' 
6 
Pbt02/Pa02 
ratio 
<D 
6 
Of) 
6 
N 
6 
Group A 
Group A 
Group B 
oup B 
Figure 1: Boxplots for TeD FVMCA (above) and Pbt02/Pa02 ratio (below) for Groups A and 
B. 
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Induced increased both Pa02 ) and Pbt02 ). 
Pa02 was 148 ± 59 and Pa02 was 350 ± 114 Baseline Pbt02 was 32 ± 15 
and POSl-{eS{ Pbt02 was 75 ± 59 . Baseline Pa02 and Pbt02 were not 
related ). There was a between APbt02 and APa02 
was maintained when controlled for AC02 and ACPP 
the test. APbt02 and ACa02 were also related 
APbt02/APa02 was itlr,,,nfll\l related to baseline Pbt02 , linear 
APbt02/APa02 was not related to baseline CPP 
of 
were no 
of 
There was a trend to 
values found with after estimate O. 
with 
There 
between APbt02/APa02 other indices of low Pbt02 for the duration 
APbt02/APa02 was related to dichotomised with and without 
transformation of APbt02/APa02. This .. p""tirln remained when controlled for baseline 
and age confidence interval 
APbt02/APa02 was associated with a lower of outcome. 
44 
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O. 
<.0 
" c::i ,. 
,"" 
1.0 
0 
* V .. 
c::i 
" .. 
~ 
0 
.. 
~ .. 
0 .. 
.. 
" • 
.. 
c::i .. 
" 
.. " 
" .. 
.. .. 
.. 
0 .. 
c::i 20 40 60 80 
is 
Estimate StdErr Confidence Interval 
LlPbt02/Pa02 -1.839 0.811 0.023 0.03-0.78 
Pbt02,1 0.057 0.042 0.170 0.98-1.15 
PT -0.265 0.231 0.251 0.49-1.21 
-0.148 0.152 0.332 0,64-1.16 
PT of Log transformation was used to create a normal distribution of 
Li.Pbt02/Pa02, 
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This examined the effect of increased Pa02 increased on Pbt02 in 
children with severe TBI. The main 
for in PaC02 and 
were: 1) induced h" ... or('\v'<l 
and this increase was 
was increased with 
increased 
related to the 
baseline 
in 
an the response of Pbt02 
increased response of Pbt02 to Pa02 
outcome. 
was associated with a lower of 
There are a number of in this the size was therefore 
some may not have been demonstrated. the limited 
size a number of results were found. TCD-derived was recorded but not 
local CBF. is a useful marker CBF in the MCA but does not 
local measures of reflect local CBF. Because Pbt02 is a measure of local oxygen 
CBF may have been better suited to this in close to and may 
have demonstrated between local blood flow and the measured variables. 
the increase in Fi02 was not standardized. Pbt02 were 
to the of in Pa02. 
no comment can be made on the ''''''''Tlfm 
oxygen content. venous saturation 
venous saturation was not 
between Pbt02 and the arteriovenous 
was not 
to 
of routine clinical 
local tissue 
relative 
in 
and 
indices of brain rlv,u'''''n 
cerebral metabolism was not no comment can be made on whether the 
observed increase in Pbt02 is beneficial to the tissues. a short duration of induced 
was no,rtn,"rn"n which was of our routine of the catheter response. 
does not on in adverse consequences 
exposure to normobaric or benefits to the there were few tests 
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that were nQ'"Tnrrn,,'n when Pbt02 was low was less than 1 
this group could not be the number of 
other factors related to outcome may not be 
these this is the first to examine the 
in 1 
with poor outcome was 
from these results, 
h\lrlOrr,VI<:I on Pbt02 
in children with severe TBI, and demonstrates that increases Pbt02 but that 
this effect varies on baseline Pbt02, The location of the catheter and of time after 
be 
Determinants of the Pbt02 response 
Pbt02 was increased hlJt"\or"l"\V'I<> in this however the Pbt02 response relative to 
the in Pa02 I The of this 
response was related to baseline allow on the 
on tension in the 
Rosenthal et al demonstrated a rlO,r"\ol"\rI,>nr'o the Pbt02 on the achieved Pa02 with increased 
which in turn was related to 296, 297 Their results showed a 
between and the of CBF and cerebral arteriovenous oxygen difference. Even 
used a combination and local their results that is more 
indicative of diffusion. This is consistent with the views of Menon et al 235 and Bullock 41 that 
increased oxygen tension in the tissue may overcome diffusion barriers. 
This nrrlnn,rt between baseline Pbt02 and oxygen ro"",£'m,ilfll is in 1<i::'I'>nlr,n with the 
results of et al 147 who also demonstrated a lower Pbt02 response in with low baseline 
Pbt02 as did et al 204, Of in the the Pbt02 response was not related to 
whereas in the et al the Pbt02 response correlated with local CBF, This 
be the fact that their examined 2 measures local 
while our correlated Pbt02 with a measure flow 
Of interest was the inverse between ilPbt02 I ilPa02 and outcome in the 
One ~ fue of local 02 in the microcirculation, The normal 
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response to increased oxygen tension in the tissues is 
may be or even in or ischaemic tissue 
grlf,IT\,:>rlr'rl may also different responses of Pbt02 to in PaC02 in 
this 
415 A similar 
versus 
the increased response of Pbt02 reflect loss of normal tissue 
which may in turn be associated with poor outcome. A similar was 
Van Santbrink et al 393 in adult in which with a lower 02 had better 
outcomes. low response of Pbt02 in the was also associated with low 
baseline and low Pbt02 is associated with poor outcome. Given the results of the by 
et al 147, in which with had the lowest response to it 
have been that a low response to would have been associated with poor 
outcome in our results. A reason for this is that very few that were tested had low 
baseline Pbt02. It is that both very and very low Pbt02 responses to may be 
associated with poor but are measures of different processes. These data do not allow 
further clarification 
Does normobaric ... """",nYI benefit cerebral metabolism? 
The issue of the benefits of continues to be debated. On one it is 
that increased oxygen tension a small in arterial oxygen content. 
dissolved oxygen in the 2-3% of overall oxygen . If 
arterial blood is near full 
tissues. 
to the brain, 
oxygen tension in the tissues may 
For P02 decreases 
does not 
ITlnr("\\,,,;;, mitochondrial function in ways not 
in the extracellular space with 
oxygen 
vessel increased oxygen tension in the may the diffusion of oxygen in 
conditions where diffusion barriers are increased due 
and arteriovenous 
diffusion-limited ischaemia may be as 
in the microvasculature In these 
as ischaemia. dissolved 
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oxygen may be nr<>fQ,ron,ti used for tissue 133, 358 tissue most at risk of 
brain demonstrates the lowest response of Pbt02 to h\lrlArr)y 
to increase oxygen extraction 235 
and n"r,nv." tissue may 
have limited 
Several clinical studies in adult with TBI have to the 
h\l'''Io,'nv,i<:> on brain tissue metabolism but the results have been 91,211, 
et al 373 demonstrated a reduction in the 10'-"";'H". ratio with normobaric 
et al 211 showed a similar reduction in lactate but no rnvpmpnT in the 
ratio. et al 91 nA,'fn"rn<,ti a PET 5 .... ""·.on,T'" and failed to detect an 
of normobaric 
289, 290, 373. T olias 
but a 
in 
measures of CMR02 with "'''''',rt"\v 
with PET and demonstrated an 
a later et al 263 examined local 
in tissue at risk for ischaemia. The effect of 
in on the nature of the ischaemic insult. For may 
ischaemia induced MCA UL.L,'U;')'UI size and 
in rats with 
outcome 202, 330 
while in worse outcome was observed with h\lIno"nV'<l cardiac arrest 400 
are 
Potential hazards of n\l,,,,>r,"\v include the ""', .... ",r",tlf,n of nv,,/nc:.n reactive atelectasis and 
breakdown of the blood brain 
into infarcts. In trauma it appears that acute in 
neonates in there are substantial concerns about the effects of \/n,::.rnv,lOl on DNA 
and brain 342, in older n<>t.ont", short term exposure to 
normobaric h"'~~r~~,,~ well tolerated with few effects 330 and does not appear to 
increase free radical in the brain 94, 
may cause reduction in CBF in normal these reductions are to be 
small if 
and when do occur 
is not used 330. 
may in be 
CBF reductions are not lOlIVV::l\/c:. 
concomitant reductions in PaC02 49. Even if 
cerebral vasoconstriction does occur, this may redirect blood from rAI,,,tl\,'''' normal to ischaemic 
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territories. studies have shown CBF and in ischaemic 
core and tissue 330. Different microvasculature responses to increased oxygen tension and 
a reduction in metabolic burden due to decreased may in 
Similar to normobaric increases Pbt02 in children with severe TBI in 
brain tissue. There was a wide range in the response of Pbt02 to increased Pa02. 
The of this response was related to baseline Pbt02. Of 
with a poor outcome tended to have Pbt02 responses to a Pa02 which 
disturbances of local responses to in Pa02. 
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18 
lin a 
TCD studies of the are to monitor cerebral I"\Qmf1,(1\1n<>,m and 
few in other monitored variables such as ICP and Pbt02. 
studies have rQr,ni'"1IQri between TCD ,<>nr"lQtQ'C: and and these have been 
n",,-Tnrma.ri in adult 392 the TCD-derived index has been ,cr,nrtQri to be 
1'1'-'<00'" associated with ICP and CPP in adult little is known about these in 
TBI 
childhood TBI 
These are 
to their adult 
OeltwElen TCD-derived 
issues because cerebral differ in 
and clinical and 
with severe TBI. it examines 1) the 
this aimed to examine the 
variables in children 
and clinical and 
between the 
between 
severe the incidence of vasospasm in pal3dl;atn 
index and ICP and CPP. 
the n:",::mrm 
Methods and Materials 
TCD studies rl",·""c.ri on 
where 
with severe TBI were recorded and 
as a bedside 
All studies were 
a standard TCD machine 
with a 2MHz The MCA was insonated on both sides 
of insonation of the MCA varied age and other factors such 
151 
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as Recorded ,,..,,,,p,p,,,, included mean and diastolic FV and PI. The 
recorded mean was used for all with other variables. The PI was calculated as the 
index which is the difference between the and the 
the mean 
PI:::: 
For 
no to 
intracranial ",,<n.o<orc-
were 
with clinical variables TCD were included in the if 1 
r<>nnOT<:>rc had been made in the nr<:.rorlrn,n 2 and PaC02 was in 
vasospasm was not 
and the Pbt02 catheter had been 
variables 
to the 
MAP and Pbt02 data at the time of the 
in white matter on 
head CT scan. The influence of Pa02 on the Pbt02 value was considered to the 
Pbt02/Pa02 ratio rather than absolute Pbt02. Studies vasospasm were also excluded from 
of PI. 
was defined 
calculated 
to the criteria of 
FV in the 
201. The 
internal carotid 
ratio was 
was if this ratio was >3 and was >120 cm/s. Studies with vasospasm were identified 
and excluded from as was ;;>n,nrr.n 
Statistical 
to test 
of data was tested with the "",n,,,n"'I"'I_1I 
correlation between means of 
test. Sn"""'·rn~.n correlation coefficient was used 
but a ,.."',,.,,0 re:>I and 
linear mixed effects 
between studies 
1) clinical variables 
selected 
models were used to account for inter- and intra-individual differences 
observations. Data were tested for associations between and 
age, CT of and 
variables recorded at the time of the 
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and markers of "'Ar'r1""n, insults for the duration of ICU 
and Pbt02<1 
Outcome the GOS for the as an ordinal 1 to 
and dichotomous variable 1 to 3, and GOS 4 to controlled for the of 
variables was tested for associations with selected 
variables such as Pbt02 and PaC02 data GEE. These values were recorded at the 
time of the TCD 
120cm/s and 2:1 
and were tested 
variable. 
FVMCA as a continuous and dichotomous < 
PI Correlation and GEE were used to examine the between PI and ICP and 
CPP at the time of the TCD 
Data are as means ± SO or median and range was set at 
A total of 291 TCD in 34 met the criteria for into the 
was detected in 4 studies in one which were excluded from further 
which were used for Of the 
fulfilled the criteria for examination with selected 
to the side of the TCD examination Table 1 
summarises variables. 
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1: 
Characteristic Value 
6.5 range 0.75-14 years old 
Initial GCS 6 3-8 
95 range 32-180cm/s 
PI 0.78 range 0.31-1.42 
ICP 13 
CPP 97 range 31-105 
Outcome 
GOS 1 3 
2 0 
GOS3 6 
GOS4 3 
GOS5 12 
of 3 range 1-10 
Pbt02 28 range 13-84 
Pbt02/Pa02 23 (1 % 
Patients number of ;:HU~II"'''', n=287 unless otherwise. Pbt02/Pa02 is 
Pbt02 of concurrent Pa02. 
variables: There were no associations between 
or initial CT classification with GEE. HfTIM"""CC 
when studies from 1 were considered 
as the 
and initial 
age had a 
i.e. was in younger ne:>ti"'nt", in the first 24 hours after There was no 
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between 
when the first 2 
and the of in 
lower in the first 24 were 
hours ± 25 cm/s on 1 versus 106 ± 25 cm/s on 2, ). was on 2 
(106 ± 25 
Markers of 
ICP>20 
and lowest on 
insults: 
and Pbt02<10 
5 ± 15 
with but not with 
Outcome: The rol,:.tlr" .. ch,,·, between and outcome was examined for of each from to 
6. Me"{I"""n 6 there were too few observations to There was no overall 
when other between and outcome ). There was no 
trauma were examined with outcome as a dichotomous to 1 to 
or as an ordinal variable 9 to 0.71, 
Examination of means demonstrated a 
when the 
1 to 
between PI and ICP 
observations were used and within 
individuals was accounted for there was no r<>I,:;>tIr,nchln between P.1. and ICP 
<1 and :::::1) also showed no intra-class coefficient examination of PI 
with ICP ). 
There was, "''''''AlO'lIOr a between PI and CPP with examination of both means 
and observations 1). Hn',AI<>"I",r there were too few observations of low 
CPP to test the and nOl'ITIf',n, of the CPP threshold at 50 
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Figure 1: Scatterplots for ICP (above) and CPP (below) against PI. Spearman's r (p-value) 
above box. 
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n=115 
Pbt02: When was examined as a continuous there was a trend towards an 
association of 
data from 
estimate 
with 
1 were examined 
The overall 
dichotomous variable with 
in 
and ICP: PaC02 
between ICP and 
values for all but this was not 
when controlled for PaC02 and CPP. when 
was correlated with Pbt02/Pa02 
when was examined as a 
tested. The Pbt02/Pa02 ratio was 
were not related to There was a 
even when controlled for PaC02 and CPP 
there was no difference in ICP when studies with ;::;120cm/s or <120cm/s 
were 
ratio>3 and was >120 was 
Of the 4 studies in which vasospasm was in this 
at any time. for this Pbt02 was in 
detected 1 of 34 
Pbt02 was not less than 
other TCD studies for 
this where there was no vasospasm than in the above-mentioned 4 studies. 
>120 cm/s was found in 16% of all studies but these did not fulfil criteria vasospasm. 
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This examined children with severe TBI for .""':>f.r,,, between TCD-derived 
intracranial 
r::>n,,,,T,p,r<:: and 
outcome and 
The main 
was not 
1 ) clinical variables initial markers of "o'~,",r.rl.-, 
and 
were: 1) was 
recorded at the time of the TCD 
lower on to 2. 
demonstrated to be associated with outcome on any of the there were no other 
between and clinical from a with 
maximum ICP the PI index was not related to but was there was a 
between CPP and was associated with a 
Pbt02/Pa02 on 1) and studies showed 
>1 vasospasm was uncommon and was in 1 
FVand 
The 
between CBF 
not 
variables 
correlation between 
the 
what the 
and ICP is at odds with the inverse 
and ICP in a et al 329. It is 
for this difference is. One Uv~,;:'llJII 
a r.,...,,...,,,;o marker of CBF and does not measure actual the .ol-"t.",,,, 
that TCD FV is 
between the 
2 measures should be reliable if vasospasm is excluded as was done in this 
reason may relate to the fact that the et al were 
PaC022.1 and CBF results were not corrected for PaC02. All 
TCD were in the 
tended to be associated with ICP and 
range and 
which may reflect a 
towards h\Jr\or~.o 
Lower 
demonstrate a clear 
with increased cerebral blood volume in some 
1, was associated with low 
between FV and 
we did not 
others have demonstrated that 
low CBF correlates with poor outcome The lack of the may 
of normal CBF levels for age. The numbers in this were too small to relate to the 
demonstrate a <;:.n.nlTl(':cl result while for of and age. The association between 
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low CBF and poor outcome may reflect mitochondrial dysfunction and 
metabolism as much as it may reflect ischaemia 401. The combination with low Pbt02 
cerebral 
in this study) 
may ischaemia or failure of local 
Two studies have examined TCD flow velocities and Pbt02 in adult with TBI. Van Santbrink 
et al 392 found a correlation between and Pbt02 values in adult TBI 
within 8 hours of but no correlation this et al 89 found that Pbt02 
the time course of after in adult n"ti",nk The results of our are 
consistent with these 
The between PI and ICP was not in the study. This is in contrast to 
several studies that have relationship between ICP and PI in adult TBI 
In therefore, PI is an unreliable guide for the estimation of absolute ICP. The 
reasons for this are but may involve the differences between adult and paediatric TBI in 
cerebral 
differences 
and pressure-volume index 325. Alternatively, 
was done in this with may different results 
studies. A potential limitation may be that few studies were 
elevated above The between PI and ICP above 20 
for intra-individual 
to the adult 
when ICP was 
may be different. 
our data cannot exclude that PI may still be a useful guide to relative ICP in an individual 
and other causes of elevated such as n\lrlrl""l"o may demonstrate different relationships 
that PI may still be useful in the non-invasive between ICP and PI. our results do 
assessment of CPP in children with severe TBI. These results are consistent with the 
results of Chan et al in adult 
threshold value of PI for 
with TBI 60. The data are not to a 
nor have we calculated or 
CPP. this that further studies are warranted because TCD is 
is non-invasive. Therefore, it may be of benefit in the acute assessment of 
for PI in relation to 
available and 
who have not 
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had an ICP monitor inserted or in ,.,"'T.on .. " with mild-moderate TBI who are not 
may be at risk of deterioration. 
monitored but 
was uncommon in this which is consistent with the results of Mandera et al 
Based on their and ours, it appears that vasospasm is less common in children than in adult 
TBI 227,228,419. The reasons for this are unclear but warrant further One limitation is 
that only the was used to detect vasospasm, It is that a may have 
been found with insonation of all the basal vessels. 1 of the studies demonstrated 
true or CBF with increased is 120cm/s. Whether this '''''1''''''''.'''''' 
unclear and also needs to be The distinction between vasospasm and increased flow in the 
MCA should be clear. 
This examined the between TCD and clinical and 
variables in children with severe TBI. PI is not a reliable indicator of absolute ICP in 
children with severe 
associated with 
PI is associated with lower CPP. 
Pbt02 and ICP values. was uncommon. 
was 
the range in 
was very wide differences between 
individuals with TBI and may argue uniform treatment of all ,.,,,,t.o .... t<: with strict treatment 
+",rflO"<: while the individualisation of treatment 
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19 
re u in 
Pressure (AR) may be after TBI; or 
of a nr,...t,...,-,...I for with TBI is not common in the 
the that the status of AR may have on in 
the ICU the role that AR may play in the of TBI in children 
is 
critical care unit have been 
such as ICP and 
aimed to examine 1) the 
and the 
to the status of AR in the 
AR was of the clinical 
assist clinical decisions about the 
few studies of 
to date. 
in 
of 
to 
the of the status of AR on 
TBI has not been examined. this 
2) the associations of TBI with clinical 
on ICP and Pbt02 in severe TBI with 
of a ICU. 
of I nformation from these tests was used to 
of BP. For awareness of the 
effects of increased BP on ICP and Pbt02 informed decisions about whether BP was 
advisable as a therapeutic intervention for low Pbt02. observation of the between 
BP and ICP is for this purpose because the 2 factors interact in different ways. Elevated 
BP may increase ICP if AR is increased BP may occur to elevated 
161 
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ICP due to a response, the and effectiveness of a to 
elevate MAP to ICP control and reduce the risk of ischaemic such as that 
recommended Rosner et al is not clear in absence of about the status of AR. 
The method orr.nl,,,,e,'; for 
in which a titrated 
Before MAP was 
the 
both sides were insonated in most 
ICP and Pbt02 monitors were 
the Pbt02 and were 
of AR was similar to that described Vavilala et al 397, 
is used to elevate MAP 20% of the baseline value, 
were made of Pbt02 and 
rOI"r.rrllnr.c taken from to the 
When the MAP increase reached 20% of its baseline 
recorded, Thereafter MAP was returned to its baseline value 
and 
range of 
were ror.o",I",'; for a final time, was when PaC02 was in the 
An 
ARI= 
to 
index 
to methods 
I ,,,,UIV.,,'" 
was calculated based on the response of to elevated MAP 
described 268 The used to calculate ARI is: 
or %LlCPP l l""nanrli on whether ICP is 
eCVR is the estimated cerebrovascular resistance and is the ratio of MAPI FV, LleCVR and LlCPP 
were calculated as the difference between the values at baseline and after elevation of MAP, An ARI 
value of 1 that the ",lr<''''/'1lh of AR is 
and values between 0 and reflect the relative 
an ARI of 0.4 is 
a value of 0 
of AR. 
absence of 
the AR is a 
to describe whether AR is intact or not. 
Values for ARI <0.4 are associated with AR and values 2:0.4 are associated with intact AR 
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Variables were tested for with the test. 
coefficients were used to test the correlation between ARI and 1) 
of baseline pn'VSI10I0'QIC:a 
the in variables with 
and Pearson's correlation 
and clinical factors 
Linear 
was used to test these variables 
was used to test the variables 
ARI as a continuous variable and 
dichotomised ARI and Variables 
in univariate were then tested in multivariate 
ARJ and was also tested the GaS as a dichotomous score with 
1 to 3 as unfavorable and GaS 4 to 5 as favorable and 
as an ordinal score 1 to with a odds model. When for 
associations between ARI and outcome the worst ARI for each was used. 
Data are t:lvr,yt:l,<:<:e:.rl as means ± SO or median and was set at 
lTT\I_TH,'n AR tests for which all data were available were in 24 with severe TBI. 
age was 6.3 ± 3.2 years old 1 to 11). Median nn'~tre:.<: GCS was 6 
4 to 7, range 3 to Mean baseline CPP and Pbt02 before were 13 ± 67 
and 28.3 ± 13.9 Sixteen tests were "o,-tnr',,",c.rI within the first 24 hours of 
Median 
AR tested once 
the definition of 
of 
in the 
in 29% of 
was 2 1 to 3, range 1 to Four children (1 had 
all others had AR tested twice or more. AR was 
at some their ICU There was 
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no association between ARI and time after was no 
and AICP across all tests 
between ARI as a continuous variable and clinical and 
summarised in Table 1, Differences between variables for tests with AR 
groups are shown in Table 2. Baseline values for MAP and 
in the 2 groups. 
ICP: ARI and was associated with AICP 
between AMAP 
factors are 
and intact 
were similar 
with no ICP 
rn\lQr"""f\, associated with ARI, i.e. 
or a reduction in ICP when BP was 
ARI values were associated 
while lower ARI values were 
associated with increased ICP 
and when ARI was 
increased with in 4/43 tests 
1 and When ARI was 
AICP was 2.9 0 to 
median AICP was -0.5 
When ARI was 
-2 to 
ICP 
with no increase or reduction in ICP in 39143 tests 
when ARI was <0.4 ICP increased in 7/9 tests and decreased in 2/9 
tests 
Pbt02: ARI and was also In" .... ''' .... '\1 associated with APbt02 
the in Pbt02 were less limited the ARI dichotomised 
increased in most cases when BP was the of this 
response remained related to the of ARI When ARI was 
median APbt02 was 1 and when ARI was was 4 2.9 to 
When ARI was Pbt02 increased with in 30143 tests (70%) with no 
increase or reduction in Pbt02 in 13/43 tests when ARI was <0.4 Pbt02 
increased in 9/9 tests (1 
decreased or remained 
Initial GCS: Initial GCS was 
When with the tests in which ARI was ;::0.4 and ICP 
Pbt02 still increased in 67% of cases of 39 
associated with ARI 7, 
with an initial GCS of 3 were more to have a low ARI, Baseline baseline ICP and 
age were included into the multivariate model because of clinical relevance. Initial GCS was an 
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nrc.!",,!"',r.r of ARI in multivariate in this model The 
point of best discrimination for initial GCS was an ARI of 0.68 
Estimate StdErr P-value 95%CI 
-0.001 0.027 0.967 -0.054 to 0.052 
Baseline FV -0.001 0.001 0.608 -0.003 to 0.002 
Baseline ICP -0.005 0.007 0.453 -0.019 to 0.009 
Baseline Pbt02 -0.000 0.003 0.862 -0.006 to 0.005 
Baseline MAP -0.000 0.003 0.929 -0.006 to 0.005 
~MAP -0.001 0.004 0.878 -0.009 to 0.008 
~ICP -0.044 0.015 0.003* -0.074 to -0.015 
~Pbt02 -0.087 0.026 0.001 * -0.138 to -0.035 
Mean Pbt02 0.002 0.003 0.604 -0.004 to 0.008 
Mean ICP 0.006 0.008 0.453 -0.010 to 0.022 
Mean CPP 0.006 0.004 0.159 -0.002 to 0.014 
Pbt02/Pa02 -0.061 0.412 0.881 -0.868 to 0.746 
Initial GCS 0.056 0.024 0.017* 0.010 to 0.102 
0.005 0.013 0.727 -0.021 to 0.030 
of after injury (first 24 1); baseline FV, baseline TCD FVMCA; mean Pbt02, mean ICP 
and mean CPP refer to mean values for the duration of !"lnil-".i.,,.., for each patient; Std Err, standard error of the 
mean. Baseline values refer to immediately before testing. results are 
denoted 
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in in 2 tests 
ARI<O.4 ARI2:0.4 
<1ICP 2.9 to -0.5 to 0.019* 
<1Pbt02 4 to 0.019* 
Baseline ICP 16.8 (13-1 13 (9-1 0.164 
Baseline 28.3 28.6 0.578 
Pbt02/Pa02 19.2 19.2 (1 0.890 
Baseline MAP 79 79 0.905 
Baseline 93 104 21) 0.808 
ratio between Pbt02 and concurrent as a no,'''Q"t"",,,, 
The between ARI and outcome was <>V''Iil""llr<>/'1 in a number of ways, combinations of 
ARI as the continuous and dichotomous variable and outcome as the 
ordinal and dichotomous variable. No 
values 0.243 to 
between ARI and outcome was found of p-
This examined associations between the indices of AR the TCD-derived 
response to elevation of and clinical and factors in children with severe TBI. ARI 
was calculated as an index of the of AR. The main were 1) AR was 
demonstrated in of "' ..... 'n"." low ARI was associated with low initial 
when AR is weak ICP increases with elevated when AR is or ICP 
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remains or decreases when BP is Pbt02 in most increased with 
elevation of MAP but the of this response was still related to and an association 
between ARI and outcome was not demonstrated. 
There are several limitations to this 
rtr.,·..,.,,,,/"'I on every and the time and of 
AR 
was variable. 
was not 
who 
died within the first 24 hours did not In/"'leFf1Ir. AR was not every 
and AR was not if unstable or if there had been a 
deterioration in ICP control. the of AR in this may 
underestimate the true we cannot exclude the IJv".;::mJII that may 
have direct cerebrovascular effects. Hr.'lAle'lieF appears to have minimal direct effects 
on cerebral blood vessels 62, 181 and for this reason it is n"""eF<>1 the nF""te:>nre:>/"'I for AR 
we cannot exclude that at BP may have other 
cerebrovascular consequences, such as and edema 
102 we did not test AR across the full of the 
with 
MAP. 
intact AR may have tested rllt1'e:>r~'nrll\1 at different MAP intervals or over a range of 
....t,..,r,..,""tin,n about the AR was used in this as a to 
intracranial in a range of elevated MAP that the individual 
or that clinicians may have used to rnnr"",n Pbt02. Th~'re:>f(\r"" 
may 
we cannot 
these results to the full of BP over which AR is C;;AfJC,-,'C;;U to be active in n"",::IIT!"nl individuals. 
these the results of this confirm the association of AR 
with low initial and demonstrate the inverse between the of the AR and the 
in ICP and Pbt02 with an increase in BP. 
AR was not associated with outcome in this Several other have 
demonstrated an association between AR and poor outcome 
reflect the individual that both AR and poor outcome have with 
of On the other because the status of AR determines the cerebral hn''Yu''.,rh 
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response to and induced in 
worsen outcome 
it is that AR may 
AR may 
lead to cerebral ischaemia or cerebral at CPP levels. A 
the lack of between AR and outcome in the of 
was variable and the most may not have been tested. this 
is true of many of the other studies that have shown a between AR and 
outcome. An alternative is that results from AR which 
may have confounded the association with outcome. that 
responses to the status of AR may influence outcome warrants further 
to 
It is well that BP have a variable volume nO'''IOI1,n on 
the status of AR. Rosner et al 300, 301 that CPP be maintained at to 
manage rcp cascade with lower CPP when AR is 
arterioles vasoconstrict with increased cerebral 
blood volume and ICP. 
blood 
if AR is this would increase CBF and cerebral 
rcp. This increase of ICP when AR is is demonstrated in 
the nr""""'>I"I' !-1"'UVP,,,,,,,r in a small nrrlnnrTln of cases the response of ICP was 
Le. there was an increase in ICP even when AR was to be intact. There are a number of 
for these cases, the time AR there may have 
been in ICP unrelated to the test which may confound these results. 
the distinction between versus intact AR is not The of AR is a 
therefore an ARI of 0 
near or to 1) is ovr,ortorl in 
r';',..,';'('lf\/ in 
demonstrate the increased risk of 
absent AR. maximal ARI 
individuals and reduced ARI is associated with rI""('rp~~,,, 
these limitations 
ICP when BP is increased in with 
these results 
AR. 
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Several studies have examined the relationship between CPP and and the 
6). In influence of CPP on the results have been "'''''''",f'T 
these studies do not whether AR was intact or not, but cite AR as a reason for 
variability in the relationship between BP and Pbt02. Menzel et al 237 examined the 
between fluctuations in CPP and Pbt02 in with TBI and uninjured animals. 
Pbt02 were closely correlated with CPP changes in the head-injured patients but not in the 
uninjured which the authors was due to either or local failure of 
AR in the head-injured Few human studies have measured the relationship between 
AR and Pbt02. et al 161 reported a close association between Pbt02 and the status 
of AR as determined observation of the between ICP and fluctuations in 
BP in adult TBI. One 
increased BP in 14 adult 
examined formally tested AR (with TCD) and the Pbt02 response to 
187 found a 
of 70-90 that correlated with the 
Pbt02 response may be useful in the 
related to ARI, often increased 
in the Pbt02 response in the region 
of 
of AR. The 
The authors that the 
in our 
intact AR that local 
mechanisms may be impaired even when AR is intact. This local disturbance of 
in locations 272. When ARI was mechanisms may be particularly 
;:::0.4 and ICP decreased or remained in response to increased Pbt02 still increased 
in most cases the Pbt02 response may reflect local mechanisms as much as it 
does 
AR has been to be more commonly if baseline ICP is 80. In the 
study, ARI was not associated with baseline ICP, it is that this may in be 
influenced the fact that ICP was usually at the time of ICP was ;:::20 mmHg at 
the time of in 21 % of cases (11 of mean ARI was similar in with and 
without ICP ;::: 20 0.76 versus Others have an association between 
and that children who have on may 
have a incidence of AR 397. This ral·.,tirm was not demonstrated in the 
169 
Un
ive
rsi
ty 
of 
Ca
pe
 To
wn
Patients with 20 cm/s had a mean ARI of 0.76 
with 20 cm/s at the time of The 
it should be on the basis of measures of the 
metabolism. 
demonstrate a ro!,,,t,,...n 
In this low initial 
TCD-derived absolute values of flow 
between AR and true 
was associated with worse 
to an ARI of 0.77 in those 
in children is not 
between CBF and 
may not be to 
function in children with severe 
TBI. AR was associated with increased ICP when BP was increased. The Pbt02 response 
to increased BP was also related to the but increased even when AR 
to be which may reflect mechanisms. Formal 
of AR may assist clinical in ,,""A"CH' TBI. 
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